Absorption spectra of transition metal ions in glasses as functions of oxygen pressure, temperature, and composition by Yoon, Ick-jhin
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1977
Absorption spectra of transition metal ions in
glasses as functions of oxygen pressure,
temperature, and composition
Ick-jhin Yoon
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Yoon, Ick-jhin, "Absorption spectra of transition metal ions in glasses as functions of oxygen pressure, temperature, and composition "
(1977). Retrospective Theses and Dissertations. 6054.
https://lib.dr.iastate.edu/rtd/6054
INFORMATION TO USERS 
This manuscript has been r^rodaced from the microfilm master. UMI 
films the text directfy from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of cong)uter printer. 
The quality of this reproduction is d i^endait upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and in^oper alignment can adversefy a&ct reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note win indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from lefr to right in equal sections with smaH overlaps. Rich 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photogr^hs inckided in the original manuscr  ^have been reproduced 
xerographicalty in this copy. Hi^ er quality 6" x 9" black and white 
photographic prints are available for sag photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor Ml 48106-1346 USA 
313/761-4700 800/521-0600 

77-29,880 
YOON, Ick^jhin, 1943-
ABSORPTION SPECTRA OF TRANSITION METAL 
IONS IN GLASSES AS FUNCTIONS OF OXYGEN 
PRESSURE, TEMPERATURE, AND COMPOSITION. 
Iowa State University, Ph.D., 1977 
Engineering, chemical 
XSrOX UniVGrSity Microfilms, Ann Arbor. Michigan 48106 

PLEASE NOTE: 
In all cases this material has been filmed In the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 
1. Glossy photographs or pages 
2. Colored illustrations, paper or print 
3. Photographs with dark background 
4. Illustrations are poor copy 
5. Pages wift black marks, not original copy 
6. Print shows through as there is text on both ^ des of page 
7. Indistinct, broken or small print on several pages 
8. Print exceeds margin requirements 
9. Tightly bound copy with print lost in spine 
10. Computer printout pages with indistinct print 
11. Page(3) 177 lacking when material received, and not available from school or 
author. 
12. Page(s) seem to be missing in numbering only as text follows. 
13. Two pages numbered . Text follows. 
14. Curling and wrinkled pages 
15. Dissertation contains pages with print at a slant, filmed as received 
16. Other 
University 
Microfilms 
International 

Absorption spectra of transition metal ions in glasses 
as functions of oxygen pressure, 
temperature, and composition 
by 
Ick-jhin Yoon 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Materials Science and Engineering. 
Major: Ceramic Engineering 
Approved : 
In Charge of Ma]or Work
For the Graduate College 
] epartment 
Iowa State University 
Ames, Iowa 
1977 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
I. INTRODUCTION 1 
II. THEORETICAL CONSIDERATIONS 3 
A. Electronic Transitions in Glass 3 
• B. Ligand Field Theory 5 
C. Analysis of Absorption Spectra 19 
1. Jahn-Teller distortion 19 
2. Term splitting including the excited 
states 24-
3• Energy diagram 26 
4. Spin-orbit coupling 27 
5. Half band width 29 
6. Intensities and other aspects 31 
D. Structure of Silicate and Borate Glasses 32 
III. LITERATURE REVIEW 40 
A- Optical Absorptions in Glasses Containing 
Transition Metal Ions 40 
B. Effect of Composition on Optical Absorption 
Spectra 74 
1. Manganese ions 74 
2. Nickel ions 80 
3. Vanadium ions 83 
4. Cobalt ions 89 
C. Effect of Oxygen Pressure on Optical 
Absorption Spectra 92 
D. Effect of Temperature on Optical Absorption 
Spectra 9 6 
1. Effect on the intensity of absorption 
bands 101 
2. Effect on the position of absorption 
band 104 
iii 
Page 
IV. EXPERIMENTAL PROCEDURE 110 
A. Sample Preparation for the Absorption 
Spectroscopy 110 
B. Apparatus, Instruments, and Technique for 
Absorption Spectroscopy 125 
1. Melting furnace and technique for 
temperature effect study 125 
2. Spectrophotometrie measurement and its 
modification for high temperature 
application 127 
3. Technique for oxygen partial pressure 
effect study 132 
C. Apparatus and Techniques for the Measurement 
of Electromotive Force of HjO in a Calcia-
Stabilized Zirconia Electrolyte 139 
V, METHOD OF ANALYSIS 144 
A. Calculation of Molar Absorptivities 144 
B. Band Shape Analysis 144 
VI. RESULTS AND DISCUSSIONS 158 
A. Preliminary Study of Hydroxyl Ions in 
Calcia-Stabilized Zirconia 158 
B. Shape of Absorption Band Spectra 161 
C. Effect of Composition 180 
1. Manganese ions 180 
2. Nickel ions 187 
3. Vanadium ions 194 
4. Cobalt ions 195 
D. Effect of Oxygen Partial Pressure 206 
E. Effect of Temperature 208 
1. Intensity 218 
2. Band energy 234 
iv 
Page 
VII. CONCLUSIONS 242 
A. Preliminary Study of OH in CSZ 24 2 
B, Shape of Absorption Band Spectra 242 
Ç. Effect of Composition 243 
D. Effect of Oxygen Partial Pressure 245 
E. Effect of Temperature 246 
VIII. BIBLIOGRAPHY 249 
IX. ACKNOWLEDGMENTS 261 
X. APPENDIX A: d ELECTRON ARRANGEMENTS IN HIGH 
SPIN-COMPLEXES AND OTHER LIGAND 
FIELD PROPERTIES 262 
XI. APPENDIX B: COMPUTER PROGRAMS 264 
XII. APPENDIX C: ELECTROCHEMISTRY OF HYDROXYL ION 287 
XIII. APPENDIX D: SAMPLES 294 
XIV. APPENDIX E: ABSORPTION SPECTRA OF TRANSITION 
METAL IONS IN GLASSES 302 
1 
I. INTRODUCTION 
In the first and second parts of the present dissertation, 
the underlying concepts of ligand field theory and a review 
of the literature concerned with the effects of composition, 
oxygen pressure, and temperature on absorptions are presented. 
It was found that there are few investigations of the transi­
tion metal ions' absorption phenomena in glass systems as a 
function of temperature. Most of the experimental findings 
are as a function of composition. All of the available 
absorption data are included in this dissertation. 
In the third part of this work, the new techniques and 
ideas developed for this work are described. Solid electro­
chemical cells were used to control the oxygen partial pres­
sures in molten borates. The oxygen pressure range for this 
work was from 1 x 10 to 1.3 Atm. The conventional quenching 
technique was also used because some practical difficulties 
were encountered with the electrochemical approach. 
A preliminary study in conjunction with using an oxygen 
ionic conductor in molten glass media was made to determine 
whether hydrogen or hydroxyl ions, in addition to oxygen, 
transport through such a solid electrolyte. A technique 
for separate measurement of hydroxyl ions' transport is also 
described in the third part of this work. 
When a system containing centrosymmetric complexes is 
heated at elevated temperatures, substantial changes in band 
2 
energies and intensities are expected because of their 
vibronic nature. A new technique was developed for the 
studies of temperature effect. A new method in using a 
spectrophotometer was devised for the high temperature 
spectrophotometer measurements. 
Unfortunately, as far as band energies are concerned 
the existing absorption data are rather inaccurate estimates. 
The data presented in this dissertation were carefully 
analyzed with a computer and gave more accurate absorption • 
values. 
Theoretical interpretation of the results and discussions 
of some of its important aspects in regard to structure of 
glass are presented in the final fourth part of the work, 
along with the main stream of the optical spectrophotometric 
properties. 
3 
II. THEORETICAL CONSIDERATIONS 
A. Electronic Transitions in Glass 
When a glass is really transparent and colorless, there 
is no absorption in the visible spectral region from 700 to 
400 my, i.e., no electrons are available to transfer even 
though the glass is exposed to a beam of light. 
However, if a glass containing small amounts of a first 
transition series 3d^ ion is irradiated by a beam of light, 
the electron which is available from a 3d^ ion in this glass 
will be excited by a photon from the light. Then an electron 
transfer process occurs within the glass. Of course, a pulse 
of light contains many photons, and hence a large number of 
electrons is involved in the transfer process at the same 
time. The energy which the electron receives by this light 
beam is given by Planck's formula, E = hv where h is Planck's 
— 27 
constant (6.6256 x 10 erg.sec) and v is the light frequency 
in cycle/sec (1) . The photon energy, E, can be also expressed by 
h, c E = because wavelength, X, is given in cm by the reciprocal 
of frequency, times the velocity of light in cm/sec. 
The first transition series, i.e., 3d^ transition metal 
ions (1 ^  n ^  9),is the most frequently used coloring species. 
These ions are characterized by incomplete d shells. When 
these ions are present in glasses one or more electronic 
transitions are expected within the d shells. They are 
4 
called "d-d transitions" and their bands are called "d-d 
bands" or "central ion bands". The central ion bands occur in 
the low energy spectral region, generally in the visible 
region, with molar absorptivity of about 0.01-200 liter/ 
mole-cm. From time to time, very intense absorption bands 
occur in the high energy spectral region, i.e., for wave­
lengths, A > 350-400 my with molar absorptivity of 
_> 1,000 liter/mole.cm. Absorption of light in this ultra­
violet (u.v.) region is accompanied by an electron transfer 
between the central ion and some level associated with the 
nearest ligands. The intense u.v. band is called a "charge 
transfer band" or a "ligand band." In glass water contami­
nation usually causes a charge transfer band (2). 
The molar absorptivity, e, is defined for a particular 
wavelength. A, as e = A/cx (liter/mole.cm) where A is 
absorbance, c is the concentration of absorbing ions in 
mole/liter, and x is the optical path length in cm. The 
absorbance. A, is obtained from Beer's law, 
^ = lO'A = lO'^cx (1) 
o 
where I is the intensity of the transmitted beam and is 
the intensity of the incident beam (3) . 
Most of the optical absorptions in glasses are due to 
d-d transitions and their bands are strong enough to detect. 
5 
Some of the charge transfer bands have tails intruding into 
the visible region which may be responsible for coloration. 
The ligand field theory described below has been successfully 
used for the interpretation of the spectra in the visible 
region (4). 
B. Ligand Field Theory 
The discussions of this section are primarily based on 
the books by Cotton and Wilkinson (1). Mackenzie (2), 
Lothian (3), and Schlafer and Gliemann (4) among others 
(5-13) 
The ligand field theory is based on the influence of 
the ligand field strength to the central ion, i.e., the 3d^ 
transition metal ions. The ligand field strength or simply 
ligand field is the electric field at the site of the cation 
established by its closest neighboring anions or molecules. 
All the neighboring anions or molecules are called ligands 
(2, 5). When the ligands are dipolar molecules, there are 
considered to be arranged in such a way that the negative 
ends of their dipoles are pointed toward the central ion 
(4) . 
When a transition metal ion is in a free field, a d 
electron would have an equal probability of being in any of 
the five indistinguishable d orbitals, d , d , d , d _ 
^ X —y 
and d g (5). However, by the presence of ligands, the 
z 
6 
free ion levels of d orbitals are shifted from the ground 
states to the energetically higher states. The theoretical 
spacings are listed in Table 1 in terms of Racah's 
parameters B and C (4).. All the states are found on the 
basis of the total orbital angular momentum, L and the total 
2 
electron spin angular momentum, S. The ground term for 3d , 
for example, is because of S=1 and L=3, where the 
multiplicity (2S+1) is 3. The excited states of the free 
9 ion are found in Table 1. The terms for d is essentially 
the same as for dl because L and S have the same values for both 
1 9 d and d . This is called as Pauli's hole equivalence theorem 
2 8 3 7 
and is equally applied for the other ions i.e., d =d , d =d , 
and d^=d^. The Racah's parameters for the cations in aqueous 
solutions are listed in Table 2 as examples. 
Upon forming a complex the free ion terms are influenced 
by the electric field of the ligands (4), Some of the terras 
may be split by the field, some will be shifted, and some may 
remain unchanged. An S state remains unchanged in the cubic 
field, a P state does not split but is shifted. The D, F 
and G states are shifted and split into two (L=2), three 
(L=3), and four (L=4) states respectively. Table 3 shows the 
splitting for the symmetry along with the degree of orbital 
degeneracy-
The term symbols in Table 3 are based on Mulliken's 
notation (4). Whenever it is necessary, the states for the 
7 
Table 1. Lower free ion term spacings (4) 
Configuration State Energy 
d^=d^ 2D 0 
0 
5B+2C 
d^=d^ 15B 
12B+2C 
22B+7C 
S 0 
S 15B 
d?=d^ ^G 
2H 
4 
4B+3C 
9B+3C 
9B+3C 
5D 0 
4B+4C 
d^=d^ 16B + ^  C - |(912B^-24BC+9C^) 
16B + ^  C - |(68B^+4BC+C2) 
^G 9B+4C 
4 6B+6C 
0 
^G 10B+5C 
d5 S 
2l 
4 
7B+7C 
17B+5C 
11B+8C 
22B+7C 
8 
Table 2. The ligand field parameters B, C, and AQ for 
aqueous solutions (2.3.5) 
Configuration Ion B(cm C(cm AQ(cm 
d" Ti3+ 694.6 2,910.4 20,300 
d^ Cu^"*" — 12,600 
d2 861-6 3,814.9 17,700 19,000 
d^ Ni2+ 1,040 4,850 8,500 
d\ V2+ 757.4 3,257.2 12,200 12,600 
d^ Cr3+ 918 950 4,132.7 
17,400 
17,700 
d^ Co^^ 971 1,030 4,497 
9,300 
9,700 
d'^ Cr2+ 810 3,565 12,600 13,900 
d^ Mn^"*" 965 4,450 21,000 
d^ Fe2+ 917 4,040 
10,400 
10,500 
d^ Co3+ 1,065 1,100 5,120 
18,600 
20,000 
dS Mn^^ 855 3,850 7,800 
d5 Fe3 + 1,015 4,800 13,700 14,000 
Table 3. Term splitting of d electron system in octahedral 
and tetrahedral fields (2) 
State for free State in the Degree of orbital L ion field degeneracy 
0 S A 1 1 
1 P T 3 
2 D E + 
• ^7 
5 (=2+3) 
3 F A2 + + T2 7 (=1+3+3) 
4 G ^1 + E + Ti + T; 9 (=1+2+3+3) 
9 
free ion may be written in the parentheses just next to the 
2 2 
state terms in the field, e.g., E(D), etc. To 
distinguish octahedral from tetrahedral complexes, the 
octahedral symmetries are characterized by using an addi-
2 3 tional index g, e.g., Eg(D), A^g (F), etc. The electronic 
transitions are described by using arrows, e.g., 
( D ) ( D )  o r  ( F )  ( F )  f o r  t e t r a h e d r a l  c o m p l e x e s  a n d  
9 2 3 3 
Eg(D)^ T2g(D) or Ag^fF)^ for octahedral complexes. 
The amount of shifting and/or splitting depends on the 
ligand field; in weak fields the energy levels are mainly 
determined by the electron-electron interaction. The 
ligand field strength is considered to be a perturbating 
energy which splits the free ion states but does not cause 
them to interact with one another, while in strong fields 
the levels are determined from the approximation that the 
ligand field is larger than the interaction between the 
d electrons (2). 
Two energy level diagrams are available to use; one is 
known as the Tanabe and Sugano diagram (Figure 1) and the other 
is the Orgel diagram (Figure 2). The Tanabe and Sugano diagram 
always shows E/B as ordinate and Dq/B as abscissa, and the 
ground state is always the abscissa (6.7), where E is the term 
energy, B is the ligand field parameter, and Dq is the ligand 
field. 
The simplest case to describe with ligand field theory 
10 
'766cm"' far 
1030 cm" tor Cr 
Figure 1. The energy diagram for d electrons after Tanabe 
and Sugano (6) 
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Figure 2a. Generalized Orgel diagram illustrating the split­
ting of the field-free ion F and P terms (the y 
maximum multiplicity states) arising from , d , 
in both Oh and Td fields (7) 
• 20,000 
10,000 
g -10,000 
-20,000 
W (W 
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-15,000 -5,000 (J 5,000 15,000 
-10,000 10,000 20,000 
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Figure 2b. Orgel diagram showing the energy levels for the 
Co^+ d system in both Oh and Td fields (7) 
Figure 2c. Orgel diagram showing the quartet energy levels 
2+ 5 for the Mn d system in an Oh field. The 
ground state in the free ion and in the 
complexed ion, is taken here to have thl zero 
energy and no doublet states are included. The 
vertical line at = 8000 cm~l gives a close 
approximation to the electronic transitions found 
for [Mn(H20)g] (7) 
Figure 2d. Orgel diagram showing the energy levels for the 
2+ 8 1 Ni d system in an Oh field. The S state is 
at higher energy and is not shown (7) 
ICncrgy in cm 
15 
is the configuration, e.g., Ti^"*" in [Ti (H^O) g] When 
3 + Ti ion is in an octahedral field, i.e., with ligands at 
+X-, +y-, and +z-axes, the orbitals will no longer have the 
same energies (+ and - signs of the lobes simply refer to 
the algebraic signs of the wavefunctions which describe the 
orbitals). As illustrated in Figure 3, the greatest electron 
densities are shown by the shape of the lobes. Some of 
them are found in the space between any pair of x-, y-, and 
z-axes. These are d , d , and d which are labeled as 
xy xz yz 
t^g orbital as a whole. Others are on the axes, i.e., the 
d 2 2 higher electron densities on x- and y-axes and 
X -y 
d 2 orbitals has a higher electron density mainly along the 
z 
z-axis, although there is a ring of high density in the x-y 
plane as well. The group of d - ^ and d ? is denoted by e 
x^-y^ z^ 9 
orbitals (1, 2, 3, 5, 7). 
In this arrangement, the negatively charged ligands can 
more closely approach the highly charged central cation (it 
is therefore assumed that the t2g orbital is relatively 
stabilized), while the electron clouds of the e^ orbital 
would repel the ligands, i.e., the e^ orbital is de­
stabilized. 
The ligand field strength (the splitting) in an octa­
hedral field is the energy difference between the t2g and 
e orbitals, and the e orbital is assumed to have a higher 
9 9 
16 
z 
, i / / 
K 
z 
Ï 
,y 
1 J 
/ 
/ 
(a)  (b) 
•y 
(c) (e) 
X 
Figure 3. The position of a d in an octahedral field (a) 
xy 
and in a tetrahedral field (b) . The rest of the 
orbitals are d^^ (c), d^^ (d), d ^ 2 
(f) in either octahedral or ?et¥ahedral 
field (1) 
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energy than the orbital. This splitting is measured 
in terms of a parameter or lODq(oct), the stronger field, 
i.e., larger splitting, the larger is , where the subscript 
0 stands for octahedral. 
This energy provides a mechanism by which an incident 
photon can be observed if the spectral band associated with 
such a transition falls in the visible region of the spectrum. 
The d electron will occupy a t^g orbital and a definite energy 
AQ is required to raise the electron from the t^^ to a higher 
state e^ upon irradiation with light of frequency v which is 
equal to A^/h (See Figure 4a) (1,4). 
If an ion is in a tetrahedral field," the situation is the 
reverse of the octahedral because the lobes of the t^ orbital 
(d , d , and d ) lie closer to the ligands than the e 
xy yz xz 
orbital (d ^ 2 d 2) • This complex does not possess a 
X -y z 
center of symmetry (see Figure 4b). The splitting of the two 
orbitals for a tetrahedral complex is smaller than that for 
an octahedral complex. Theoretically A^ = -4/9AQ where the 
subscript t stands for tetrahedral. The experimental value of 
A^ is found to be very close to the theoretical value under 
assumptions of identical ligands and equal distances from 
the central ion to the ligands. The negative sign here 
simply indicates the reverse situation for splitting-
Ligand field splittings usually have been obtained from 
18 
700 
•< A (mu) 
600 500 400 
15 20 
v(kK)-
30 35 
3 + 
Figure 4a. Absorption spectrum oi [TilH^Ojg] (4) 
Cjq (oct) 
AQ = 10 Dq(oct) 
+4 Dq(tetL 
10 Dq(tet)= A^l 
-6 Dq(t^^ -4 Dq(oct) 
Figure 4b. Energy diagram of the d-orbitals in tetrahedral 
and octahedral fields (4) 
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experimental data, mostly from spectral data (2). As shown 
in Figure 4, the energy of the maximum of the broad absorp-
— 1 tion band 20,400 cm is interpreted as being just the energy 
required to raise a d electron from the t_ to e level. 2g g 
2 2 The corresponding electronic transition is (D) E (D) 
(1, 2, 5, 7, 8). 
For the simple case of d^ configuration, there is no 
perturbation arising from the surrounding ligand-field 
regardless of the field strength. However, the energy levels 
2 8 
of d through d will be influenced by the strength of the 
field. 
C. Analysis of Absorption Spectra 
1. Jahn-Teller distortion 
It seems apparent that the absorption spectral bands 
on the energy scale are considered to be nearly symmetrical 
if a d ion is in a regular undistorted ligand field (2, 4, 
6). However, in many cases, they are not symmetrical. These 
observations were explained by Jahn and Teller (cited by Krebs, 
11) as a distortion of the ligands as explained below, although 
this effect also may be caused by the repulsion energy among 
neighboring ions or by lattice packing effects. As an example 
2+ 
of Jahn-Teller effect, the Cu ion which has the configura-
Q 
tion d has been known to be the one most affected by the 
20 
distortion. Among the nine d electrons, only three go into 
the Bg orbital and six go into the t^g orbital in an octa­
hedral field. Thereby the three d electrons can be distributed 
1 2 
over the two states of d 2 2 d 2 either (d 2 (d 2) 
2 1 X -y 2 X -y z 
or (d 2 2^ 2^ occupation (refer to the ground state 
X -y 2 
occupancy scheme in Appendix A). If the e is arranged in 
1 2 the way of (d ^ 2^ 2^ ' the four ligands in the x-y plane 
X -y 2 
will come closer to the central ion. That is the half-filled 
d 2 2 oz^ital which offers smaller shielding of the central 
X -y 
ion than the fully-filled d ^ orbital. In theory, 
2 1 ^ (d 2 2^ (d 2) is equally possible, but experimentally a 
X -y 2 2+ 
large number of Cu complexes shows the former arrangement, 
i.e., an elongated octahedron in the z-direction (it is 
called a tetragonal distortion). The same considerations may 
4 7 theoretically apply for d , d (only for low spin complex), 
and d^. 
Therefore, if the bands show shoulders or separated 
bands, they could be assumed to be the result of distorted 
fields by the Jahn-Teller effect. In the octahedral field, 
the splitting of the e^. orbital ($2 Figure 5) is bigger 
than that of the t„ (5.). Either 6, and is found to be 2g 1 i. z 
smaller than A^; the magnitudes of the splittings are in the 
2 3 
order of 10 for 5^ and 10 for $2 » Because of the 
ions with d^ or d^ are expected to have more double structure 
Figure 5. A qualitative explanation of the Jahn-Teller 
theorem for ions with or d° (a) and d'* or d 
(b) configurations in the fields of octahedral 
and tetragonal (4) 
22 
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4 9 (or two separated bands) than the ions with d or d . 
Since <<< i.e., the splittings of the t^^ are 
very small. These electrons are concentrated in regions 
between the ligands and are not involved with bonding. 
Accordingly the electronic transitions due to these 
splittings are not as well determined by experimental find­
ings (8) . 
From the ground state occupancy schemes of electrons 
(from Appendix A), one can determine which will be expected 
to have the Jahn-Teller distortion in an octahedral field. 
This will also apply for the case of tetrahedral field 
in theory, although distortion in tetrahedral complexes are 
2+ less observed (7). In the octahedral Cu complexes, the e^ 
orbital has shown less stability and it interacts more 
strongly with the ligands than the orbital does. Thus, 
9 large distortion is expected for d (7). For the tetrahedral 
2+ Cu complexes, the situation is just the reverse of the 
octahedral case, i.e., the e orbital is stable. 
If the F term is distorted from octahedral to tetra­
gonal, four transitions are generally expected because the 
two terms of T,„ and T_ are split and this doubles the Ig 2g 
initial two transitions (4) . 
24 
2. Term splitting including the excited states 
1 9 For the ions with d and d , only the ground terms are 
considered because the next possible excited states are very 
2 2 high. The next excited state for the free ion (Ti (3d 4S )) , 
2 for example will be S which may arise from the configuration 
4S^ since L=0 and S = 
2 8 For the ions with d to d , more transitions occur from 
the ground state to the excited states; some of the transi­
tions will be between terms of the same multiplicities (these 
are called "spin-allowed transitions"), and some others will 
be between different multiplicities (these are called "spin-
. 3 forbidden transitions"). Refer to Figure 1, e.g., d case. 
The transitions (F) (F) r ^A2 (F)->^T^ (F) , and 
4 4 A2(F)^ (P) are the spin-allowed (normal transitions), 
while the transitions ^A2 (F)(G) , '^A2 (F)(G) , ^ A^tF)^ 
2 T2(H), etc. are the spin-forbidden and these bands are called 
intercombination bands (4). 
5 2+ 
For the ions with the configuration d , e.g., Mn 
and Fe^"*", only intercombination bands are expected to occur 
as shown in Figure 6. Figure 6 reveals the two kinds of 
term systems; one which is carried out without considering 
term interactions and the other one which is carried out 
with term interactions. 
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*A2g*Tlg "^Zg 
Tzg "VC^x 
FREE ION 
ION IN OCTAHEDRAL FIELD 
WITHOUT WITH 
TERM INTERACTION 
POSITION OF 
THE TERMS 
ACCORDING TO 
OBSERVED MAXIMA 
Figure 6. Term system of an ion of in an 
octahedral field ([MnfHgOg] ) (schematic)(4) 
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3. Energy diagram 
When the absorption spectra of glasses are under the in­
vestigation. on the basis of ligand field theory in order to 
interpret the absorption band maxima for the appropriate 
electronic transitions, the experimental evidences of the 
same ion contained in solutions or crystals are generally 
employed to compare the spectra data. One of thé excellent 
comparisons was done by Bates (2) and he concluded that the 
magnitude of for glasses is normally smaller than for 
aqueous solutions. The glasses with Ti^"*", Cr^"*", 
Mn^^, Fe^^, or Fe^"*" ion showed about 12% to 14% smaller 
2+ 
than the aqueous solutions with the same ion. The Co 
ion doped glasses showed A^ about 17% smaller than the solu­
tions. It was 5% smaller for glasses than for aqueous solu-
3+ 2+ tions with Mn or Cr 
The ligand field strength A may be obtained from the 
energy level diagram. The way to use the diagrams is as 
follows: 
First predict the transitions and measure the experi-
-1 
mental absorption band maxima in the unit of cm 
Secondly, adjust a vertical line for the best fit of the 
one or more energy values over the diagram. 
For example, V^"*" ion in [V(H^O) g] reveals absorption 
bands at 17,800 and 25,800 cm . By adjusting a line to 
satisfy the two energies, one can obtain the value of 
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19,000 cm ^ on the abscissa (Figure 1). Since it is known 
that there are three normal bands, the third band which has 
a very low intensity and is buried in the intense charge 
-1 transfer band can be assumed as 36,800 cm . The adjusted 
values based on the observations are as follows : 
(F)->^T2g(F) 17,800 cra"^ 
^Tig (F)^^Tig(P) 25,8 00 cm~^ 
^Tlg(F)^^A2g(F) (36,800 cm"^) 
4. Spin-orbit coupling 
Interaction between the two magnetic dipoles which are 
produced by the spin of an electron and by its orbital 
motion (which is the magnetic moment of the electron in its 
orbit) is possible, and this effect is called the spin-orbit 
coupling (4, 10). 
2 In this consideration, for example a D state splits 
2 2 into two components ^2/2 ^5/2 ^ven in a free field as 
shown in the left hand side of Figure 7 . In a symmetrical 
2 field, a D state is split into a triply orbitally de-
2 2 generate and a double degenerate E state as shown in 
2 
Figure 4b. If there is spin-orbit interaction a Tg state 
splits again as illustrated in the right hand side of Figure 
7. Further splitting of a state does not occur. 
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5/2 
Ex.) 384 cm-1 
for ^ 
(10) 
-4 Dq 
3/2 
"^^2) â Ex.) 230 cm 
ZiW 1 for Ti3+ 
FREE ION WITH ION IN A FIELD OF SYMMETRY ON 
SPIN-ORBIT LIGAND FIELD WITH SPIN-ORBIT 
COUPLING ONLY COUPLING 
2 
Figure 7. Splitting diagram for a D state in a field of 
octahedral symmetry with consideration of the spin-
orbit interaction (schematic) (4) 
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If the splitting due to the spin-orbit coupling is of the 
order of the ligand field strength, which is more common for 
tetrahedral complexes than octahedral, it will be easier to 
detect, and therefore it will be easier to determine the 
structures attributable to spin-orbit coupling. For example, 
2+ 
the several shoulders on the spectra of Co complexes, 
and [CoCl^]^ were assigned by Schlafer and 
Gliemann (4) as the energies due to the spin-orbit inter­
actions , 
5, Half band width 
When an electron is excited from the ground state to a 
higher state, the ion in its excited state interacts with 
ligands in a quantitatively different way than the same ion 
would in the ground state, because the equilibrium distance 
between the central ion and the ligands are greater in the 
excited state than in the ground state (7). The variation of 
the internuclear distance is not generally a single mode, 
but rather is multimode corresponding to several different 
3+ 3 
vibrationally excited states. For the Cr ion {3d ), for 
3 
example, the configuration of the ground state is (t^^) . 
When this is excited to some level, the electrons will be 
2 1 
redistributed as {t_ ) (e ) for a spin-allowed transition 
zg g 
4 4 A2g(F)-^ T^g(F). In this transition one electron is trans­
ferred from a t_ to an e orbital, and hence the interaction 2g g 
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of a Cr^"*" ion with the ligands at higher levels is higher than 
before. More generally, the transition energy depends on the 
momentary positions of neighboring molecules. When the 
vibrationally excited states appear close together they can­
not be distinguished from one another, the transition then 
leads to a broad band. If there is only a single mode, the 
absorption spectrum will be a line. 
When the term energy is plotted as a function of the 
ligand field splitting parameter, Dq, as shown by an Orgel 
diagram, a broad band can be expected if the slope is large. 
It is assumed that the slope is determined by the number of 
electrons in the two electronic states t„ and e . For 2g g 
octahedral symmetries the relationship between the slope and 
the number of electrons is given by Schlafer and Gliemann 
(4) as 
-4n + 6(N-n) (2) 
where n and (N-n) are the numbers of electrons in the 
and Bg orbitals, respectively. The configuration for the 
Cr^^ ion in the vibrationally excited state 
and the ground state ^ gives the slopes 
d(E)/d(Dq) = -2 and -12, respectively for the transition 
4 4 A^^(F)->- T^g(F). The slope difference is +10. However, 
for spin-forbidden transitions, many of the transitions 
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do not involve the redistribution of electrons during a 
transition, although the relative orientation of their spins 
may be changed (7). For example, the transition 
^A„ (F)^^E (G) for Cr^^ ions does not involve the re-2g g 
distribution of the electrons (tgg)^ during a transition 
(refer to the energy level diagram). In this case, the 
difference of the two slopes is zero. 
It is concluded that the greater the slope difference, 
the broader the band should be, i.e., the greater the half 
4 4 4 ' 4 band width. The half-width of A„ ->• or A_ for 2g 2g 2g Ig 
Cr^^ was 000-4,000 cm ^, while very small half-width 
was reported for ^A„ (or ) , ^ ^00-300 cm ^ (7). 2g g Ig 
Sharp bands instead of lines are due to thermal vibrations or 
to some other effects. 
6. Intensities and other aspects 
On the basis of a large amount of experimental data, the 
following properties are found in the books by Mackenzie (2), 
Schlafer and Gliemann (4), and Orgel (7). 
(a) The absorptions of tetrahedral complexes were 
higher than that of octahedral complexes. 
(b) AQ was found to be about 40-80% larger for complexes 
of trivalent than for divalent. 
(c) The absorptions by trivalent were generally higher 
than divalent. 
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(d) In general, the stronger the octahedral ligand 
field, the more intense the absorption that was observed. 
(e) The intensities of the absorption bands cor­
responding to pure electronic transitions are expected to be 
temperature dependent. 
(f) Intercombination bands are observed with very weak 
intensities because the transitions are not only parity 
forbidden but also spin-forbidden. 
(g) The ligand field splitting parameter for tetrahedral 
complexes, A^, was found about 40-50% smaller than A^. 
Theoretical value is (4/9) 
D. Structure of Silicate and Borate Glasses 
Silica and boric oxide are good glass formers. Silica 
4+ glass has a tetrahedral arrangement in which each Si ion 
2 —  is surrounded by four O ions and each tetrahedron is 
attached to at least three others, giving a three-dimensional 
network structure lacking any symmetry or periodicity (14) . 
More complex glasses can be obtained by fusion with modi­
fiers Na^O, LigO, CaO, etc. When an alkali oxide is added 
to a glass, it provides an excess 0^ ion which can attack a 
network bond to cause a breaking of some of the network 
bonds, and provides nonbridging oxygen ions. In this kind of 
new arrangement, the Na^^ ions go into the already existing 
holes of the structure and will be closer to the nonbridging 
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oxygen ions to maintain electroneutrality. The classical 
illustration of glass structure including other properties 
can be obtained from the book by Mackenzie (15) among 
others (16, 17). 
The average number of nonbridging oxygen ions per poly­
hedron in a sodium silicate is given by 
X + Y y = (3) 
where x+y = z; x = the average number of nonbridging oxygens, 
y = the average number of bridging oxygens, = the ratio 
2- 4+ 
of total 0 to Si (0/Si) in the glass, and z = the average 
2 _ total number of 0 per polyhedron (which is the average 
coordination of silicon) (17). For example, a sodium 
disilicate glass would have x=l and y=3 per tetrahedron. 
The structure of borate glass is based on the picture 
of vitreous with triply coordinated ions (15, 16). 
When NagO is added to make a sodium borate, the initial 
addition of NagO does not affect in the formation of non-
bridging oxygens, but affect in increasing the coordination 
numbers of some of the borons from 3 to 4. In this new ar­
rangement, the oxygens are taken up by the structures, 
and Na^"*" ions go into the holes of the structure in such 
a way to maintain electroneutrality. Further addition of 
NagO however will break down the structure and produce non-
bridging oxygen ions. The Na^"*" ions are balanced by the 
34 
Figure 8b. Two-dimensional schematic representation of the 
structure, of a sodium borate glass with low Na.O 
content (17) 
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singly bonded 0^ ions to satisfy electroneutrality. 
The transition point which is the boundary from all 
bridging oxygens to some amount of nonbridging oxygens in 
glass was found by Warren (18) from the compositional de­
pendent expansion coefficient data. There was a sharp mini­
mum of the coefficient at the average coordination number of 
about 3.20. The amount of Na^O in the glass at 3.20 was found 
as about 16.0 mole % (14.5 weight %). X-ray diffraction 
studies of sodium borate by Biscoe and Warren (19) showed 
the transition from 3 to 4 with increase in NagO content. 
The average B-0 distances in crystalline borates are found 
as 1.36 A for BOg and 1.53 A for BO^ groups. The average 
B-0 length was increased up to 1.48 A when the NagO content 
reached to 33.33 mole % (19) . 
If the transition point is 16.0 mole % and the average 
coordination of boron is 3.20, the average number of non-
bridging oxygen ions can be expressed by 
X = 2R - 3.20 (4) 
where is the average ratio of total oxygens to total 
boron (0/B) in glass, and the average number of bridging 
oxygens is 
y = 6.40 - 2R2 (5) 
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per polyhedron (17) . For the composition of 
0.16 Na20.0.84 BgO^, x = 0 and y = 3.2, the values which are 
experimentally found. 
The fractional values of triangular (N^) and tetrahedral 
(N^) coordinations in the structure are presented by Stevels 
(17) as 
— 4-2R2 (6) 
= 2R2-3 (7) 
For example, if a molecular composition is NagO-SBgOg, = 
0-8 and = 0.2. 
However, the 16% boundary is not recognized by other 
investigators; some give between 16 and 20% (15) , some are 
~31 to 33% which giving .44 to .50 (20, 21), some are 
even higher 4 0% (22), and some never show such a limit (23). 
Another theory is based on so-called "boroxol group" 
(20, 24). A boroxol group is composed of a hexagonal 
planar ring of three borons and three oxygens i.e., B^Og 
as shown in Figure 9. The boroxol groups are linked to­
gether by sharing the corner oxygens with randomness 
in orientation about the B-0 bond directions at the shared 
oxygens. The angle BOB between the two six-membered rings is 
assumed as 130°, while the angles BOB and OBO are assumed as 
120° within the rings. 
38-39 
"6(3^1 
Y Y 00(2-)  
Figure 9. Boroxol groups linked by a shared oxygen. It is 
not necessary that two groups are one plane (24) 
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III. LITERATURE REVIEW 
A. Optical Absorptions in Glasses Containing 
Transition Metal Ions 
The absorption bands of transition metal ions in glass 
were extensively studied by Weyl in the 1950's (25). Since 
that time the theoretical interpretation has been notably 
improved in terms of the ligand field theory. The electronic 
transitions were assigned to the experimentally observed 
absorption bands based on those of crystal or solutions. 
The application of the ligand field theory to the 
interpretation of the spectra of several different transi­
tion metal ions in glasses has been reviewed by Bates (2), 
Bamford (26), Kumar (27), and Wong and Angell (28, 29) among 
many others (30-89). 
An extensive summary of the absorption bands of the 
transition metal ions in glass is given in Table 4 in terms 
of the assigned electronic transitions to the bands, their 
possible coordinations, and their intensities. The transition 
metal ions are generally coordinated with six ligands around, 
although lower symmetries are found as well. The octahedral-
ly coordinated ions are sometimes engaged in a slightly dis­
torted field; the usual distortion is the elongated octa­
hedron. The existing data generally do not allow accurate 
calculations of the molar absorptivities of transition metal 
Table 4. Absorption of transition metal ions in glasses in terms of 
X (mu), V (cm~^), and £ (liter/mole-cm) 
max max max 
Conf. Ions Transitions X 
max 
V 
max 
£ 
max 
3d° Cr^ Charge transfer 360-375 27,500 ~ 1-10^ 
270 37,500 5,000 
-
352 28,400 1-2,000 
" 370 27,000 -
" 
~345 '1/29,000 -
Ti^* " ~245 1-41,000 -
~226 
256 
144,200 
39,000 
22.5xl0~^ 
12,000 
(E) 
294 134,000 16,000 
3d^ Ti^^ ^T_ (D)^^E (D) 
2g g 
565 17,700 10 
480-560 20,830 
147,900 
-
" 492 20,325 0.3 (O.D .) 
- 770 12,987 0.15 (0 .D.) 
(D) 
2g ig 
540 18,400 12 
^B_ (D)-^V (D) 2g ig 725 13,800 -
2 2 
T^ (D)-> E (D) 2g g 
2 2 
B^CD) -5- E(D) 
760 13,160 -
~1.000 110,000 5 
^B^CD) ->^B^(D) '1/600 1-16,700 3 
^400 1-25,000 >70 
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Glasses Coord. Remarks and References 
Silicate and borate Oh (26,32,35,38,40,42,43,44) 
0.68 Na20-0.32 and borate - (32,50) 
KgSO^-ZnSOg Oh(D) (35) 
NaHSO -KHSO^ 
4 4 
Sodium phosphate 
-
Oxidizing (34) 
Sodium borate and silicate - 4+ Could be for V (47) 
0.68 Na20-0.32 - 32 
Na 0.PC +5.5x10 ^ mole Ti^^ E=Extinction coeff. x = 
0.73 mm (33) 
NaHSO -KHSO. 
4 4 
Td (35) 
X^SO^-ZnSO^ " 
Sodium silicate, borosilicate Oh(S.D. ) Shoulder at 700 my(2, 25, 40) 
and phosphate 
Sodium silicate (26,27) 
0.30 CaO.0.69 B^O^-O.Ol TiO^ Resolved and reducing (52) 
0.20 Na^O.0.80 + 0.18 w/o SiO^ Oh rTi=0.1'^'0.24 w/o, resolved, & 
=10-6-10-15 Atm. (53) 
0.50 Na^O.O.SO P^O^ + 0.90 w/o SiOj Oh °2 
Sodium silicate Oh Reducing (26) 
Vitreous (39), Sodium borate (47), Oh(D) (39,47,49) 
and silicate (49) 
" 
„ 
Table 4 (Continued) 
Conf. Ions Transitions A 
max 
V 
max 
E 
max 
3d^ 'V900 ^41,000 -
^600 M 6 , 1 0 0  -
%400 %25,000 -
3d2 v3+ (F)->\- (F) 
Ig 2g 
645 15,500 6.0 
(F)->"T, (P) 
Ig Ig 
425 23,500 7.5 
\ (F)^\_ (F) 
Ig 2g 
3 3 
625-680 16,000 
~14,700 
(F)^ (P) 
Ig Ig 
3 3 
330-430 30,000 
~23,250 
~5 
T (F)^ A (F) 
Ig 2g 
3 1 
310-340 32,260 
~29,400 
T- (F)^ E (F) 
Ig g 
1,070 9,300 
(F)^^T^ (F) 
Ig 2g 
^4,040 9,600 -
\^(P)A2^(F) 476 
725 
21,000 
13,800 
3d" 
A 4 
'A. (F)+ T_ (F) 
2g 2g 
952 10,500 <1 
4 4 
A. (F)^- T, (F) 
2g Ig 
625 16,000 
(F)->V (F) 
2g Ig 
407 24,600 
- 520 19,200 
-
_ 515 19,400 _ 
(F)-^\_ (F) 
2g 2g 
660 15,200 17^22.5 
4 4 
450 22,300 " 
287 34,800 " 
690 
640 
14,500 
15,700 
18~20 
\^(P)-%^(F) 470 21,200 18 
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Glasses Coord. Remarks and References 
Alkali borate ïa No change for the different 
alkali ions, Li, Na, K, and 
Cs, (54). 
Soda-lime-silica Oh Reducing, (25). 
" 
Silicate and borate Oh Predicted by Bates (2) with 
—1 
A = 16,600 cm and B = 
640 cm for soda-lime-
silica glass,(26,27,48,58). 
" 
tl Measured values are 10,000 
" 
t l  
-1 
cm (26) but were not as­
signed as these transitions. 
" Predicted value (2). 
Vitreous silica (39) 
Oh 
Predicted by Bates (2) with 
assuming = 10,560. 
0.6 K^O.0.4 MgO.2.5 SiO^ - (58) 
0.6 Na^0.0.4Mg0.2.5 SiO^ - " 
Sodium silicate Oh 
Predicted and observed 
tf 
energies are very close 
(26,42,44,55). 
I I  
11 
Table 4 (Continued) 
Conf. Ions Transitions 
ô 34! 4 4 
3d or A- (F)-" TggfP) 
4 4 
\_(F)-»-V (F) 
2g ig 
{F)->^T (F) 
2g 2g 
4 4 
'A (F)-> T_ (F) 
2g 2g 
Xg'F'Ag'^' 
4 4 
A„ (F)^ T, (F) 
2g ig 
(F)^V (P) 
2g 2g 
4 4 
W"* W' 
(F)-^\ (P) 
2g ig 
3à'^ Cr^^ (D)-s-V (D) 
ig ig 
'®lg""-"Sg<°' 
(D)-^^E (D) 
Ig g 
\^g(D)Ai^(0) 
\(D)*\(D) 
max 
V 
max 
600 16,700 
430 23,250 
620 16,130 
M20 22,730 
max 
35 
~90 
22 
'\'30 
686-696 14,500 
14,370 
654-645 15,300 . -
15,500 
633-645 15,800 
15,500 
444-454 22 ,'500 
23,200 
656-635 15,200 
15,750 
454-448 22,000 
27,320 
246 40,600 
655 15,300 18.5 
445 22,500 18.3 
630 15,800 16.8 
440 22,600 18.4 
1600 ~16,700 
MSO ~23,250 
~700 ~14,200 
~660 ~15,200 
1,020 9,800 1.2 
725 13,800 7.1 
560 17,900 5.3 
935 10,700 ~1.0 
~725 ~13,800 ^5.0 
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Glasses Coord. Remarks and References 
10 w/o Na^O.SO w/o Oh Oxidizing (26) 
30 w/o Na^O'VO w/o B^O^ 
Lithium phosphate 
Sodium phosphate 
Lithium phosphate 
Sodium phosphate 
Lithium phosphate 
Sodium phosphate 
Lithium phosphate 
Sodium phosphate 
lNa20.4Si02 
Na 0.3S iO .2PbO+Sb 0 
INa 0.4Si0 
NBgOg.SiOg.ZPbO+SbgOj 
Alumina borophosphate 
Oh 30 
34 
30 
34 
30 
34 
30 
34 
27 
38 
27 
38 
27 
0.ISLi^O- 0.lOCaO.0.7 SSiO^ 
•D -13 -17 
Oh "•02=10 'V'lO Atm. 
(55) Resolved bands 
0.45Ca0.0.10Al202.0.45Si02 
Sodium borate 0h(D) 
^02=x0 Atm. (56). Similar 
data for slightly different 
compositions 
Resolved bands 
Aq=16,000 (57) 
0.15Li20.0.10Ca0.0.75Si02 Tg Resolved bands 5^=10-13-10-17, (56) 
0.33-0.45 CaO.0.10 Al^O^ 
.0.45-0.75 SiOg and 
0.33 CaO.0.07 MgO.0.60 SiO^ 
% Resolved bands 
PQ =10"15,(56) 
2 
Table 4 (Continued) 
Conf. Ions Transitions X v e 
max max max 
Sd"^ Cr2+ (D)^^E (D) 
Ig g 
(D)-s-^T^ (D) 
g 2g 
~550 ^48.000 ~8.0 
3d^ Mn?* 470 21,280 1.2 
" 520 19,230 1.4 
(D)^^Tt (D) 
g Ig 
^E (D)^^T (D) 
g 2g 
^E^(D)->^Eg(D) 
830 12,000 -
500 20,000 
-
410 24,400 
-
^E (D)^^T_ (D) 
g 2g 
500 20,000 ~10.5 
" " " 3.5 
" 480 20,800 1.5 
" 490 20,400 8.5 
" " " 2.5 
" 
480 20,800 26 
" 450 22,200 ~7 
" 480 20,800 22 
" 450 22,200 ~4 
" 510 19,600 
-
" 463 21,600 -
" ^600 ~20,000 'M0% T 
" 476 24,000 -
" 500 20,000 225 
" " " 310 
" ^600 ^^20,000 -
" 460 21,740 0.48 (0.0) 
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Glasses Coord. Remarks and References 
0.33-0.45 CaO.0.10 A1 O 
.0.45-0.75 Si02 and 
0.33 CaO.0.07 MgO.0.60 SiO, 
Soda-lime silica 
Potash-lime-silica 
Lithium phosphate 
Tg 
Oh(D) 
Oh 
Resolved bands =10 
(56) 2 
(2,25) 
(30) 
-15 
40.8 w/o Na20-58.2 w/o SiO^ 
26.5 w/o Na^O.Vl.B w/o SiO^ 
17.2 w/o Na20.82.1 w/o SiO^ 
39.1 w/o Na^O.ôO.l w/o SiO^ 
25.3 w/o Na20.73.9 w/o SiO^ 
25.6 w/o Na20.72.0 w/o 
5.0 w/o 5^20.94.0 w/o 
25.4 w/o Na20.74.6 w/o 
5.0 w/o Na^O.SS.O w/o 
Sodium silicate and sodium 
phosphate 
Sodium borate 
Oh(D) Oxidizing (26) 
Reducing (26) 
Oxidizing (26) 
Reducing (26) 
(27, 34, 38) 
(46) 
Alkali silicate 
Lithium and sodium borate Oh 
Oxidizing, T=transmission 
(58) 
Resolved bands (59) 
0.16 K2O.O.84 BgO 
0.32 K 0.0.68 BgOg 
Alkali borate (60) 
Table 4 (Continued) 
Conf. Ions Transitions 
max 
V 
max max 
3d^ Mrf* (s)+*E (G) 408-425 
(s)->V (G) 515 
Ig Ig 
(s)-^^T (G) 445 ig 2g 
6 4 4 
A. (s)-> E , A, (G) 416 
Ig g Ig 
^A^(s)->^T^ (G) 442 
^A (s)-*^^T (G) 422 
^A^tsy+^A (G) 416 
430 
Uncertain M20 
\ (s)^-\ (G) 476 
Ig Ig 
V (s)-^V (G) 435 ig ig 
% (s)+'^E (G) 425 Ig g 
\ {S)-^V (D) 355 Ig 2g 
6 4 4 
A^(s)^-  E^,  A^(G) 410 
V {s)-^S (D) • 338 Ig g 
*Alg(s)+*T29(°) 357 
^A__(sy+^E (G) 404 
19 g 
V„(s)->\ .  (G) 412 ig ig 
V (s)-^V^(S) 521 
ig 19 
V (s)^\_ (G) 426 Ig 2g 
^aXsr+^ECD) 357 
^ACsi^^TgCD) 382 
4 4 4 
A(s)-^ A, E(G) 424 
*A(sy+*T (G) 437 
24,500-
23,530 
19,500 
22,500 
24,000 
22,600 
23,700 
24,000 
23,250 
~23,260 
21,000 
23,000 
23,600 
28,200 
24,400 
29,600 
28,000 
24,750 
24,300 
19,200 
23,500 
23,000 
26,200 
23,600 
22,900 
0.055 
0.95 
0.50 
sh 
3.5 
3.4 
3.9 
0.035 
0.045 
0.044 
0.035 (sh) 
0.025 
0.024 
0 .20  
0.30 
0 . 2 2  
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Glasses Coord. Remarks and References 
Soda-lime-silica Oh or Id Reducing condition (2) 
Predicted by Bates (2) 
-1 
AQ = 5,800 cm and 
B = 740 cm -1 
Soda-lime-silica 
20 w/o Na20.80 w/o SiO^ 
ZnCl„ 
1*3 Predicted by Bates (2) 
" = 3,000 cm ^ and 
-1 
" B = 740 cm 
Reducing (25) 
Oh Reducing (26) 
" Resolved bands (37) 
" Sh = shoulder 
Lithium arsenic borate 
3K^0(or Na^O)'fPgO^+lO w/o Mn 
2+ 
Oh 
(60) 
A (K O.P 0 )=7,400 cm"\ 
A (Na O.P 8 )=7,100 cm 
2 5 
B(K20.P20g)=604 cm 
B(Na20.P205>=704 cm 
-1 
-1 
-1 C(K O-P 0 ) = 3,570 cm , 
^ _ 
C(Na_0-P 0 ) = 3,510 cm , 
(61)^ ^ ^ 
SKO.TSiOg Oh or Id AQ = 4,500 cm 
B = 519 cm ^ 
C = 3,490 cm"^(61) 
Table 4 (Continued) 
Conf. Ions Transitions X v e 
max max max 
3d^ Mn^"*" \(s)-^'^T^(G) 470 21,300 
6 4 
A^^(s)-^ T^g(G) ^520 ~19,200 
V (G) ~425 ~23,600 
Ig 2g 
V (s)-^'^E (G) 410 24,400 0.26 
Ig g Ig 
\ (D) 356 28,100 
ig 2g 
V (s)-»-'^E (D) 340 20,300 
Ig g 
(s)-»-V (G) 520 19,300 
Ig Ig 
\ (s)^V (G) 455 22,000 
Ig 2g 
\ (s)^\ (G) 420 23,800 ig ig ig 
(s)->'^T^ (D) 373 26,800 
Ig 2g 
V (s)-^^E (D) 355 28,200 
Ig g 
% (S)->'^T^(G) 440 22,500 
(5)-i-'^T^(G) 430 23,300 
^A^(s)-J-'^E^,\^(G) 420 23,800 0.44 
6 4 
A^(sy+ T^CD) 360 27,600 
^A^(s)->^E(D) 355 28,200 
V (S)^^T, (G) 485 20,600 
Ig Ig 
\ (S)->^T_ (G) 463 21,600 ig 2g 
V„(s)->V„(G) 433 23,100 
^A, (s)^'^E (G) 420 23,835 
ig g 
V (s)^'^T^ (D) 373 26,800 
Ig 2g 
\ (s)^'^E (D) 355 28,200 
Ig g 
(s)->\, (D) 337 29,700 
Glasses Coord. Remarks and References 
1.00 AlgOg'Z.OO B2O2.2.75 Oh 
1.0 Na^O.0.5-1.0 CaO.4.5-5.0 SiOg 
n " 
» II 
Id 
f* 11 
rr II 
IXgO-^SiO^ Oh 
A=7,000 cm ^ 
B = 597 cm ^ 
C = 3,490 cm ^ 
(62) 
— 1 
A=7,000 cm 
— % 
B = 634 cm 
C = 3.490 cm ^ 
(62) 
Calculated with 
A = 3,100 cm 
-1 B = 534 cm , and 
C = 3,490 cm~^ (62) 
A = 5,500-7,000 cm~^ 
— 1 
B = 524 cm 
-1 C = 3,524 cm 
(53) 
Soda-lime silica glass 
showed the similar bands as 
those of K^O-SiO^ 
Table 4 (Continued) 
Conf. Ions Transitions A 
max 
V 
max max 
3d" Fe^^ \^(s)^\^(G) 
^A^(s)^^E(G) 
6 4 A^(s)^ T^CD) 
6 4 
Alg':»' Tlg'G) 
2g" 
-g- ^ig 
\^(s)-»-\^(G) 
& 4 4 \(S)^E, A^(G) 
6 4 4 A (s)+ A, E(G) 
"g' ig 
*Alg(s)"*T29(G) 
435 
420 
380 
735 
570 
6 4 4 A. (s)^ E , A. (G) 427 
Ig  I
500 
446 
427 
472 
750 
525 
ig 
6 4 A^(s)-> T^(G) 
f. 4 4 A^(s)-^ E, Aj^ (G) 
\_(s)-^^E ^A. (G) 410 ig  
365 
500 
490 
441 
418 
382 
420 
720 
365 
23,000 
23,800 
26,300 
13,600 
17,600 
23,400 
20,000 
22,400 
23,400 
21,200 
13,330 
19,050 
24,100 
27,400 
20,000 
20,400 
22,700 
23,950 
26,180 
27,400 
24,400 
19,200 
27,400 
0.400 
0.400 
1.585 
0.06 (O.D.) 
0.05 (O.Do) 
0.20 (O.D.) 
0.30 (O.D.) 
0.30 
0.580 
0.300 
2.050 
0.54 
0.11 
0.052 
0.21 
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Glasses Coord. Remarks and References 
0.14 K 10.0.80 SiO^ Oh or ïû B=720 cm"^ (2) 
"2 2 
„ Sodium phosphate showed 
the similar energies as 
these (34) 
-1 -1 
Oh Aq=12,300 cm , B=720 cm 
predicted by Bates (2). 
" The energies for lithium 
phosphate (30) are similar 
" to these. 
Td Calculated by Bates (2) 
A 
with A^= g and 
B = 720 cm~^. 
0.68 Na20.0.32 B^O^ - (32) 
Phosphate Oh Oxidizing (45, 55) 
Sodium silicate 
0.15 Na20-0.15 PbO(or CaO) 
0.70 SiOg 
Td 
(64) 
Resolved bands (65) 
40 K 0.60 P^Og 
-1 
Oh Resolved bands (71, 75) 
AO=12,500 cm~l, B = 900 cm 
and C=3 ,500 cm~^. Similar 
band energies are found for 
0.20 K2O.O.4O AnO.0.40 PgO^ 
and NaPO^ 
Table 4 (Continued) 
Conf. Ions Transitions X 
max 
V 
max 
£ 
max 
3d^ Fe^"*" 625 13,600 0.5 
485 20,600 0.9 
-
6 , , 4 4 
Alg':" 4g 
6 4 
A^(s)-> T^(G) 
(G) 417 24,100 0.4 
498 20,080 -
440 22,740 -
g 4 4 
A^ (s)"^ E , (G) 414 24,180 -
382 25,170 -
Charge transfer 291 34,400 -
240 41,700 -
195 " -
225 44,450 7,000 
230 . 43,500 
34* Fe2+ ^T^ (D)^^E (D) 
2g g 
~1,100 9,100 -
" 1,175 8,510 42 
" 1,120 8,930 22 
1,055 9,480 14 
1,050 9,525 29 
980 10,200 ^G.OO 
1,050 9,520 6.09 
" 1,150 8,700 15.20 
2,500 4,000 24 
2,380 4,200 — 
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Glasses Coord. Remarks and References 
0.39 CaO.0.55 P^O^.O.Oô SiO^ Oh Resolved bands (74) 
30 Na20.70 SiO^ Td Resolved bands (75) 
NaHSO -KHSO^ 
4 4 
Phosphate 
(35) 
(45) 
Na^O.35102 
Silicate and borate 
(69) 
(70) 
Soda-lime-silica (2) , lithium phos­
phate (30) , sodium silicate (27,40), 
phosphate (45,65,67) 
MgO.ZP^Og 
Ca0.2P20 
BaO.ZP^O^ 
Sodium silicate 
Sodium borate 
Oh 
Oh Reducing (68) 
(70) 
BaO.P.Or 2 5 
MgO.P^O^ 
Soda-lime-silica phosphate 
ZnCl^ 
Oh(D) Resolved bands (74) 
la (2, 45) 
(37) 
Table 4 (Continued) 
Conf. Ions Transitions À 
max 
V 
max 
E 
max 
3d^ 426 23,500 145 
\^(D)^^T2g(D) 388 25,750 155 
463 21,600 140 
3d5 Co2+ 4 4 T. (F)^ T_ (F) ig 2g 1,500 6,700 -
695 14,400 Very weak 
4 4 
T. (F)-> T,„(P) ig 19 513 19,500 -
"^T- (F)^^E (G) 
Ig g 
806 12,400 -
\ (F)^^^ (F) 2,300 4,400 -
1,750 5,700 
(F) 1,450 6,900 -
2 1 1,330 7,500 
V (F)^V (P) 630 15,900 
z J. 
4 2 2 
595 (sh) 16,800 (sh) 
AgfFr» E or T^(G) 510 (sh) 19,600 (sh) 
4 4 
Ag (F)^ T^ (F) 1,430 7,000 -
(F)->\^(P) 575 17,400 -
526 19,000 
-
\_(F)->\ (G) 476 21,000 -/ i. 
4 4 1,800 5,555 sh 
A (F)-^ T, (F) 1,600 .6,250 MO 
2 1 
4 4 1,400 7,140 sh 
AgCPy* T^{P) 640 15,625 
4 2 2 590 16,950 'V180 
A2(F)-> Eor T^(G) 540 18,520 ~130 
4 <1 
A_ (F)^'T (F) 1,500 6,666 -LS Z -L 
4 4 1,200 8,333 25 
A^CF)-^ T^(P) 550 18,200 'V18 
\ (F)->^E or V (G) ~500 20,000 •^12 
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Glasses Coord. Remarks and References 
8 w/o Na^O.SZ w/o BgOg+NaBr Oh (73) 
I I  
I t  
I I  
Low alkali borate Predicted by Bates (2) 
„ A =7,700 cm ^ 
" 
11 
B = 920 cm 
High alkali borate 
t l  
M Measured by (76) 
" 
Assigned by (2) 
Lithium phosphate 
I I  
I I  
(30) 
High alkali silicate 
I I  
(26). Similar data in 
Reference (40) for Na^O. 
SSiOg glass 
9.7 w/o Na^O-SO.O w/o (26) 
Table 4 (Continued) 
Transitions A 
max 
V 
max ^max 
4 4 
A (Fy+ T^(F) %1,750 ~5,700 
^1,500 'X-6,620 
4 4 ~1,250 ^8,000 '\,15 
A^ (F)-i- T^(P) 630 15,870 80 
'V560 17,860 75 
4 2 2 
A^ (F)-^E or T^(G) 0.500 20,000 '\,50 
4 4 
Tlg(F)" TzgtF) 1,470 6,800 
*Tlg(F)+*T2g(P) . 536 18,690 
4 4 
AgtF)^^ T^(F) 1,430 7,000 -VIO 
4 4 
A^CF)-»- T^[P) 645 15,500 105 
Qu ar t e t->d oubl e t 610 (sh) 16,400 (sh) lao 
550 (sh) 18,200 (sh) 55 
460 (sh) 21,800 (sh) MO 
A 4 
"T, (Fr» T. (P) Ig 2g 536 18,660 -
" 586 17,060 
-
" 615 16,260 
4 4 1,780 5,600 41,73 
T^(F) 1,560 6,400 40,71 
^A (F)-^V (P) 
680 14,700 520 
655 15,300 475, 440 
615 16,300 350, 290 
610 16,400 -
515 19,420 -
4 4 
T. (F)-»- T. (F) Ig 2g 1,394 7,175 -
592 16,900 -
548 18,250 -
^AgCFi^^T^CF) 1,700 5,875 -
4 4 
A^CF)-»- T^(P) 678 14,470 -
4 4 
A^CF)-^ T^{F) 2,326 4,300 (est.) 
60 
Glasses Coord. Remarks and Reference 
23.8 w/o Na^O.VG.O w/o Td (26) 
JLNa0.4Si0 Oh (27) 
0.68 Na^O.O.BS (32) Similar data for 
0.35 ^3^0.0.62 BgOg and 
0.67 PbO.0.33 BgOg 
Sodium phosphate Oh(D) (34) 
2nO, Td (36, 37) 
Vitreous silica Oh (39) 
0.08 Na20.0.92 B^O^ Oh 
(73) . AQ = 9,725 cm -1 
B = 845 cm -1 
0.08 Na20.0.92 B^O^+NaBr .Td 
A =4,300 cm 
^ -1 B = tl5 cm 
Table 4 (Continued) 
Conf. Ions Transitions 
max 
V E 
max max 
7  2 + 4  4  
3d Co T_(F)-î-T_ (F) 
19 2g 
Charge transfer 
4 4 A^(F)^ T^CF) 
4 4 Ag(F)-»- T^(F) 
2 4 A^CF)^- T^(P) 
2 2 2 
A^(F)-^ E or T^(G) 
Charge transfer 
4 4 
A^(F)^ T^(P) 
^^...(Fr+^E or \^(G) 
4 4 
AgtF)^ T^(P) 
^AgCFT+^E or \^(G) 
4 4 
T, (F)-> T_ (F) 
Ig 2g 
4 4 
T_ (F)^ T. (F) 
Ig Ig 
4 4 
A^(F)-)- T^(F) 
4 4 
A^(F)-^ T^(P) 
1,300 7,500 
~556 ^48,000 0.5 (E) 
~476 ^41,000 
~217 ^46,000 
2,460 4,060 
1,600 6,200 
1,430 7,000 
1,250 (sh) 8,000 (sh) -
630 15,900 
590 16,900 
510 19,500 
~220 ~45,000 
670 14,925 140 
595 16,810 125 
520 19,230 50 
552 18,120 14 
640 15,625 115 
585 17,090 122 
530 18,870 75 
545 18,350 11 
1,300 7,700 
550 18,200 162 
500 21,300 "1,40 
1,670 6,000 
645 15,500 
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Glasses Coord. Remarks and Reference 
1 Na^O-? Oh E = Extinction 
X = 0.1 cm 
2+ 
Cone, of Co ion =1% 
of the total base glass 
(77) 
1 Na^O.SB^O^ Td X = 0.1 
2+ 
Conc. of Co ion = 1% 
of the total base glass 
(77) 
0.273 K 0.0.727 
0.15 K 0.0.85 BgOg 
0 . 3 3  N a ^ O . O . e ?  B O g  
ra 
Oh 
Td 
Similar data for Li^O-
BgOg but with less £ 
(78J 
0.13 Na^O.0.87 B 
2 2 3 
Tl^O.B^O, 
Oh 
(79) 
Td 
Table 4 (Continued) 
Conf. Ions Transitions 
max 
V 
max max 
10 
10 
50 
10 
20 
3d® Ni^* (F)->V (F) 1,350 7,400 
2g 2g 
(F)-^-^T, (F) 795 12,600 
2g Ig 
(F)^^E (D) 685 14,600 
2g g 
(F)^^t (P) 420 24,000 
2g ig 
\ (F)^^T (F) 1,600 5,250 
3 ^ ^ 2,000 5,000 
(F)-s- T (F) 930 10,750 
2g Ig 
(F)^^T (P) 450 22,200 
2g Ig 
^T, (F)-v\^(F) 1,200 8,330 1 z 
^T (F)->^T (P) 630 15,870 
560 17,860 
A^ (F)-s- T^ (F) 1,400 7,140 
2g 2g 
(F)^^T- (F) 740 13,510 
2g Ig 
(F)-i-^E (F) 640 15,625 
2g g 
\ (F)->^T (P) 410 24,400 
2g Ig 
(F)^\^ (F) 1,800 5,556 
2g 2g 
(F)-^^T (F) 870 11,495 
2g Ig 
(F)-^^E (F) 810 12,346 
2g g 
V (F)-i-V (P) 440 22,727 
2g ig 
\^„(F)H-\^ (F) 1,410 7,100 2g . 2g 
(F)-^-^T, (F) 752 13,300 
2g ig 
(F)^^E (D) 685 14,600 
2g g 
(F)^^T (P) 410 24,400 
2g Ig 
^A^ (F)+^E (D) 695 14,400 
2g g 
V (F)-»-V (P) 435 23,300 
2g Ig 
12 
30 
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Glasses Coord. Remarks and Reference 
Lithium phosphate Oh (30) 
Sodim silicate Melting condition did not 
change the spectra 
(26) 
Td 
(26) 
Low sodium borate Oh 
(26) 
High sodium borate 
(26) 
1 Na 0.4Si0^ 2 2 Oh (27) 
Sodium phosphate (34) 
Table 4 (Continued) 
Conf. Ions Transitions 
max max max 
3d® Ni^"^ ^A2g(Fr+^T2q(F) 
^T^(F)^\^(P) 
3 3 T^(F)-^ T^(P) 
Triplet-^singlet 
^T^ (F^+^TgCF) 
(F^+^A^ (F) 
^T^ (Fi^^TgtD) 
^A^ (F)^^T, (F) 
2g Ig 
^A_(F}^^E (D) 
2g g 
'"25'"*''^1,'" 
^T^ (F)-»-^^ (F) 
^T^CF^+^T^(D) 
(F)^^E(D) 
\^(F)^^T^(P) 
^T^(F)->^T,(F) 
1,430 
950 
476 
625 
650 
525 
410 
1,280 
840 
758 
556 
1,280 
752 
410 
208 
1,075 
788 
1,300 
758 
667 
417 
1,180 
794 
~714 
633 
562 
500 
(2,554) 
7,000 
10,500 
21,000 
16,000 
15,385 
19,050 
24,390 
7,800 
11,900 
13,200 
18,000 
7,800 
13,300 
24,500 
4,800 
9,300 
12,700 
7,500 
13,200 
15,000 
24,000 
8,400 
12,600 
M4,0Û0 
15,800 
17,800 
20,000 
(3,900) 
2 . 6  
3.6 
20 .0  
(sh) 
(sh) 
2.75 
3.00 
2.40 
6.10 
20 
10 
'\,18 
47.5 
47.5 
47.5 
(Pred.) 
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Glasses Coord. Remarks and Reference 
ZnCl, Oh Similar data for KNO^-
Ca(NO^)^ and K^SO^-ZnSO^ 
glasses (37) 
K^O.lOB^Oj 
Td 
Vitreous silica (39) 
0.68 Na^O.O.SZ 
Oh 
AQ=7,800 cm -1 (32) 
Td 
Measurements are also for 
sodium borate (77) 
Low potassium borate Oh Predicted values by Bates 
(2) are similar to these 
-1 AQ=7,500 cm 
-1 
and B = 900 cm (80) 
High potassium borate Td (80) 
At = 4,700 cm ^ 
and B = 860 cm 
Measurements are also for 
sodium alumino silicate(81) 
Table 4 (Continued) 
Conf. Ions 
3d Ni 
.2+ 
Transitions A v 
max max 
(P) 1,820 5,500 
(?) ^T^g(F) 962 10,400 
(F) (D) 617 16,100 
2g g 
(F) ^T^ (D) 530 18,900 
2g 2g 
(F) (P) 441 22,700 
2g Ig 
^Ag, (P) ^A^g(G) (405) (24,700) 
^T^(F) ^T^CF) 230 4,400 
^T^(F) \ (F) 1,150 8,700 
^T^(F) ^T^fD) 770 13,000 
\^(F) ^ E(D) 700 14,300 
^T^(F) \^(P) 571 17,500 
^A^ (F) (F) 1,390 7,200 
2g 2g 
(F) V (F) 758 13,200 
2g Ig 
(F) (P) 415 24,100 
2g ig 
\^(F) (F) 2,670 3,740 
^T^(F) 1,300 7,700 
^T^(F) \^(P) 685 14,600 
^T^(F) ^T^CF) 4,620 2,166 
V (F) ^T- (F) 1,695 5,900 
2g 2g 
^T^(F) 2,088 4,790 
(F) V (F) 985 10,150 
2g Ig 
V (F) (D) 735 13,600 
2g g 
max 
Calculated 
0.25(A) 
0.30(A) 
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Glasses Coord. Raaarks and References 
Alkali borate 
Silicate 
Oh (82) 
AQ=5,750 cm ^ 
B=1,000 cm ^ 
C=4,500 cm ^ 
C/B = 4.5 (83) 
Td A =5,100 cm ^ 
^ -1 
„ B = 737 cm 
-1 C = 4,170 cm 
C/B = 5.3 (83) 
0.08 NagO.O.gZ B^O Oh .Ag=7,200 cm ^ 
B=l,047 cm"^ (84) 
0-15 Na^O.0.84 B^O^+NaBr Td 
A^=3,960 cm ^ 
B = 792 cm ^ 
0.10 NiO.0.90 (Na20.2B20^) Td 
Oh 
Td 
Oh 
Computer resolved band 
energies (85) 
A =5,900 cm~^ (85) 
A^=2,620 cm~^ (85) 
B = 1,004 cm~^(85) 
C = 3,230 aa~^(85) 
Table 4 (Continued) 
Conf. Ions Transitions 
max max max 
3d^ Ni^ ^T^(F)^-^T^(P) 
%g 
g  2 + 2  2  
3d' Cu E (D)-" T (D) 
g 2g 
(D)^\ (D) g 2g 
Charge transfer 
(D)-^\ (D) g 2g 
Charge transfer 
(D)^\ (D) 
g 2g 
(D) 
Ig 2g 
(D)->-^E (D) 
Ig g 
620 
530 
455 
440 
787 
2,500 
830 
780 
780 
795 
690 
800 
260 
746 
885 
775 
240 
730 
775 
769 
1,075 
813 
16,200 
18,930 
21,990 
22,600 
12,700 
4,000 
12,000 
12,800 
12,800 
12,560 
14,500 
12,500 
38,400 
13,400 
11,300 
12,900 
41,500 
13,700 
12,900 
13,000 
9,300 
12,300 
0.30 (A) 
0.70 (A) 
1.80 (A) 
21 
7 
1 
24 
10 
85 
46 
1.0 (O.D.) 
~40 
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Glasses Coord. Remarks and References 
0.10 NiO.0.90 (Na 0.2B 0 ) 
Sodium silicate 
Sodium and lithium phosphate 
High sodium silicate 
Low sodium silicate 
High sodium borate 
Low sodium borate 
0.58 Na20.0.32 B2O3 
0.38 Na„0.0.62 BuCi 
Vitreous silica ^ 3^ 
NaHSO^.KHSO, & K.SO^.ZnSO. 
4 4 2 4 4 
3KN0 .2Ca(N0 
2K_S0,.3ZnS0^ 
2 4 4 
Na^O-SSiO^ & NagO.SSiOg.ZPbO 
High sodium borate 
Low sodium borate 
High sodium borate 
Soda-lead-silica 
Na^O.125^02 
Td 
Oh 
Oh(D) 
Td 
Oh 
Oh(D) 
Oh 
Oh(D) 
Oh(D) 
Other measurements are 
for Li 0-2B 0 and 
Energies but no assigned 
transitions are found for 
18 m/o Na 0.82 w/o BO 
(86) 
(2, 27) 
Assumed by Bates (2) 
(30, 34) 
(26), Oxidizing, similar for 
Na20.4SiO (27) 
(26) Reducing 
(26) Both conditions 
(32) 
(32) 
(32, 39) 
(35) 
(37) 
(38, 40) ('V'750 my for 
Na20.3Si02) 
(46) 
(66), Reducing 
(77) 
Table 4 (Continued) 
Conf. Ions Transitions X v e 
max max max 
—^ 
3d Cu Charge transfer 'V285 '^35,000 
^Big(D)->-^B2g (D) 1,136 8,800 5.9 
2 2 B,„(D)-J-E (D) 752 13,300 44.4 
19 g 
i I 
g 2g 
^E_(D)^\^_(D) 795 12,560 32 
806 12,400 13.9 
790 12,660 31.6 
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Glasses Coord. Remarks and References 
Na^O.123^02 
Ca(NOg)g-NaNOg-KNOg 
Oh(D) (87) 
0.08 Na20.0.92 
5.85 m/o Na2O.94.i5 m/o 
38.00 m/o Na2O.52.OO ra/o B^O^ 
(87) 
(88) Similar measurements are 
also found for lithium 
and potassium borates 
(89) 
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ions in glasses. In the following table, most of the in­
tensities are given as e in liter/mole.cm when they are 
max 
available. Some have different units as specified in the 
table. They are absorption coefficient (a=£c), a, in 
-1 
cm , and optical density (0-D.=A=-log). 
When only a single band is observed-, the positioning of the 
maximum band peak, v (when v=l/A) and the maximum molar 
absorptivity, can be measured accurately. However, 
if the band is a composite of several, finding the real peak 
locations along with the real values of e is rather dif-
max 
ficult and requires resolution into all the possible com­
ponent bands. In fact, most of the data in the literature 
are from direct observations on the spectra without proper 
resolutions of the components. The results of the glass 
compositional effects are also shown on different rows in 
Table 4. 
Very weak spin-forbidden and very intense charge 
transfer bands are also included in the table along with the 
normally observed d-d bands. Since some predictions are 
available in the literatures, these predicted energies are 
listed as well. 
Williams (31) has attempted to calculate the theo­
retical transition energies for some of the transition metal 
ions in silicate glasses and the energy ranges which he 
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obtained are nearly the same as the experimental values. 
24-For example, the first transition energy for Co ion is 
-1 2+ between 21,735 and 15,895 cm . For Fe ion, the energy is 
9,856-5,867 cm For Cr^^ ion, the energy is 15,303-
— 1 7,919 cm . These calculated energies are not included in 
Table 4. 
Table 4 is a very comprehensive table compiled from 
all the data found. 
B. Effect of Composition on Optical 
Absorption Spectra 
1. Manganese ions 
Glass containing Mn^^ ion has a purple hue (2, 24, 
25, 26). It is known that the manganese ion can be present 
3+ 2+ in normal glasses as Mn , Mn , or both (2, 59). With a 
very high NagO concentration the color of the Mn^^ ion was 
changed to green (25) in a borate glass and blue (32) in a 
68 Na20.32 glass. The green hue was attributed, to 
2- —1 
manganate,(MnO^; and the blue at 14,800 cm was attributed 
3- -1 to a MnO^ ion (32). The energy of 14,800 cm was assigned 
to ^A2(F)-^\^(F) (32) . 
2+ 
The optical absorption of Mn is very low compared to 
that of Mn^^, or Mn^^; since the Mn^^ is, in principle, 
2+ 
colorless. The molar absorptivity of the Mn ion is less 
than 0.3 liter/mole-cm for glass, although it varies with 
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composition (61) . It is about one hundredth of the cor­
responding value due to Mn^"*" ion in the same base glasses 
of alumino-boro-phosphate, magnesium-alumino-borate, and 
soda-lime-silica glasses (62). In fact, the nature of the 
Mn^"*" absorption can be satisfactorily studied even with the 
2+ 
simultaneous presence of the Mn ion (59). 
The optical absorption of Mn^"*" in alkali borate glasses 
was qualitatively studied by Paul (59), although the high 
intensities of the bands were not properly explained. 
4 The energy diagram for d configuration in the octa­
hedral symmetry (see Appendix A and the energy level diagram 
4 4 for d in Figure 1) predicts that the spectrum of d ion 
will consist essentially of a single band corresponding to 
the spin-allowed transition, ^Eg(D)^^T2g(D), possibly 
together with several weak bonds (2). It is also expected 
4 from the Jahn-Teller theorem for a d ion that the absorp­
tion spectrum would be asymmetric (Figure 5b). The absorp­
tion bands of the Mn^^ ions in glasses are, in fact, 
asymmetrical as found in soda-lime-silica glasses (25), sodium 
borate glasses (26, 59, 60), sodium silicate glasses (26, 
40), and potash-magnesia, soda-magnesia and soda-lithia-
magnesia glasses (58). 
The observed Mn^^ bands in glasses are found in Table 
4 and they are at about 20,000 cm ^ (500 my) along with one 
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— 1 
or two smaller bands at about 16,000 cm (630 my) and 
24,000 cm ^ (420 my) (59). Most of the 3d^ ions are six­
fold coordinated (Appendix A). Trivalent manganese ions 
2 -
are also octahedrally coordinated with the surrounding 0 
ions in glasses (2, 27). As a matter of fact, the 3d^ 
ions are stabilized by the ligand field, because of the 
preferential occupation in the ground state of the low 
energy. The energy from a lowered ground state to the free 
ion state is defined as a Ligand Field Stabilization Energy 
(LFSE) of the ion in glass (27). As shown in Appendix A, 
the LFSE for an octahedral complex is generally higher than 
that for tetrahedral complexes and therefore such ions 
should prefer octahedral coordination in glass. One 
interesting application of the LFSE is to calculate the 
Octahedral Coordination Preference Energy (OCPE) which is 
defined as the energy difference between that gained by 
the metal ion due to the d-shell splitting when it is in an 
octahedral symmetry and when it is in a tetrahedral 
symmetry (29). The lowest value of OCPE in a sodium 
silicate glass, which can be calculated from the experimental 
data (27), would be 2,128 cm ^. This is for d^ configuration, 
2+ 2+ i.e., for Co ion, and thus the Co can appear in an octa­
hedral as well as in a tetrahedral symmetry. 
The molar absorptivity and the area under the main 
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—1 3+ 
absorption band (e.g., 20,000 cm for Mn ions) increases 
with the increase in the alkali content (25, 29, 60). This 
fact is probably due to the increase in the proportions of 
the manganese ions in the higher valency states (25) . How­
ever, this enhancement of optical absorption of the 
ion in glass was explained differently by Paul and Douglas 
2+ for the Co ion (78), i.e., with increasing alkali content 
in borate glasses, the degree of covalency in the metal-
oxygen bonds increases and this causes the intensity to 
increase. 
The manganese absorption spectra in lithium phosphate 
glasses were assigned as the transitions such as 
{D)^^T_(P), (D)-^^T-„(D) , and ^E^ (D)->^E^ (H) for 12,000, g ig g 2g g 9 
20,000, and 24,000 cm bands, respectively instead of as­
signing as distorted bands along with the main band at 20,000 
cm ^ (30) . 
The empirical data for the Mn^"*" ion in alkali borate 
glasses by Paul (59) are generally consistent with most others 
and these are summarized as below; 
a) The optical absorption and the area under the band at 
20,000 cm increases with basicity. 
b) With increasing alkali content, the composite band 
tends to be narrower and less asymmetric. 
c) By using Gaussian approximations the composite 
bands are resolved into the three component bands such as 
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16,000, 20,000 and 24,000 cm~^. 
-1 
d) The first two bands, 16,000 and 20,000 cm increase 
in intensity as well as the area each component band 
_ 1 
as basicity increases, while the last band at 24,000 cm de­
creases . 
2+ 5 Since the Mn ion has d configuration, there is no 
LFSE, both octahedral and tetrahedral symmetries are expected 
2+ to be equally probable. Experimentally the Mn ion was 
present octahedrally in phosphate and borate glasses and 
tetrahedrally in silicate glasses (61, 62). 
2+ 
The optical absorption spectra of the Mn ion in glasses 
showed at least two sharp bands, i.e., 24,300 and 25,7 00 
cm for a sodium borate glass. These are for the electronic 
4 4 4 4 transitions, (S )-> E(G) and A^^ (S ) ^ E(D), which are inde­
pendent of the A. By starting from the difference between 
these two energies (the difference is calculated as 7B 
from the lower free ion term spacing in Table 1) together with 
the observed levels, the energy level diagram was constructed 
for the Mn^^ ion (61, 62). Energy level diagrams for soda-
lime-silica and alumino-boro-phosphate glasses are presented 
in Figure 10 (62). None of the composite absorption bands is 
resolved into a certain number of component bands. A value 
of A was then chosen to give the best fit to the three or 
more reasonably clearly existing levels. The observed peak 
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Figure 10. Energy level diagram for ion 
— Soda-lime-silica glass (C/B=5.5) 
— Alumino-boro-phosphate glass (C/B=5.0) (62) 
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2+ positions due to Mn ion in various glasses are found in 
Table 4. 
2. Nickel ions 
From the viewpoint of ligand field theory, color varia­
tions in glasses of some transition metal ions are due 
solely to different oxidation states, other metal ions can 
exhibit different colors solely by the possibility of having 
different coordination numbers with the surrounding ions. 
Furthermore, both possibilities equally exist in some ions. 
Nickel ions are present in glass as divalent states which are 
generally stable under the normal melting condition (2, 25, 
26, 27, 32, 83). The color changes in glass containing Ni^"*" 
ion will be therefore due to the changes in the environment of 
the ions (77). In fact. Bates suggested that the coordina­
tion changes from predominantly octahedral to predominantly 
2+ 
tetrahedral in borate glasses with basicity. However, Ni 
ion preferentially coordinates octahedrally in complexes on 
the basis of the OCPE, although both symmetries appear in a 
glass (2, 25, 26, 27, 30, 77, 83, 84, 85). 
2+ 
The amount of four-coordinated Ni ions in borate 
glasses was assumed as only a fraction of the total ions, 
namely 1-10% of the total Ni^^ ions (85) based on the approxi­
mation which states that absolute intensities of tetrahedral 
transitions are usually from 10 to 100 times those of octa­
81 
hedral transitions (10) . This interpretation is more in 
accord with the large OCPE of Ni^"*" ion. 
Since Ni^^ is stable in glass, the absorptions were not 
changed with melting reduction and oxidation conditions (25, 
26, 83) . 
The absorption spectra with several different concentra-
2+ 
tions of Ni ions (1-20 m/o NiO) showed negligible shifts 
in the band positions. 
In sodium silicate glasses containing nickel ion, the in­
crease of alkali content had a little effect on the absorp­
tions (26, 83). This might be due to no significant change 
of Si-0 bond length, 1.62 A, with increasing the alkali 
content (19) and accordingly almost uniform molecular vibra­
tions (and a constant d-p orbital mixing) during the transi­
tions (26). If the d-p orbital mixing is increased with 
more alkali oxide, the regular octahedral environment will 
be disrupted and changed to tetrahedral or square planer 
(82, 84) . 
In sodium borate glasses containing nickel ion with 
higher than 17 mole % of NagO, the intensity change was 
mainly due to d-p orbital mixing, related presumably to the 
lower A at the higher Na20 contents as indicated by the shift 
of the absorption bands to longer wavelengths (26). In 
potassium borate glasses with less than 16.7 mole % the 
oxygens from K^O are still bridged and contrapolarized by 
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two boron atoms forming BO^ groups, but less strongly than the 
bridging oxygen in the BO^ groups. The optical absorptions 
are therefore less influenced by raising the K2O content. 
However, with more than about 16.7 mile % K^O or Na^O, some 
of the oxygens from the alkali oxides are not bridged and 
they were assumed to increase in the degree of covalent 
bonding with the Ni^"*" ions (77). 
The assignments of the electronic transitions for the 
bands are found in Table 4 and the typical empirical values for 
a borate glass are listed below: 
2,166 mu (5,900 cm 
^Ti(F)^3&2(F): 1,300 my (7,700 cm~^) 
\2g(F)-^^T2g(P) : 1,400 my (7,100 cm~^) 
3, 3- 755 my (13,300 cm'^ 
'A2g(F)" Tlgtf) 
^ T ^ ( F ) - > \ ^ ( P )  :  
\ g ( F ) - \ g ( G )  
685 my (14,600 cm 
715 my (13,900 cm 
518 my (19,300 cm 
44 2 my (22,650 cm 
408 my (24,500 cm 
-1 
-1 
-1 
-1 
-1 
An absorption spectrum of a Ni^"^ ion is shown in Figure 14a. 
The ligand field paramters are calculated from the 
observed absorption spectra using the solutions of Tanabe-
Sugano matrices (2, 6, 84, 85). The parameters are: 
83 
Dq - Yo" (8) 
1 (v -2v )(v -V ) 
^4 17 1 2 2 C = - 5Dq - ^ B + j[400Dq +40DqB+49B ] (10) 
where 
V3 = ^A2g(F)^^Tig(P)' "^4 ~ transi­
tions (90) . 
3. Vanadium ions 
Vanadium ions can occur in several different oxidation 
states such as V^^, V^"^, V^^, and V^^ corresponding to the 
electronic configurations, d^, d^, d^, and d^, respectively 
(33). Another feature is their simultaneous occurrence of 
the oxidation states; V^^, V^^, and V^"*" in a glass (25, 47, 
48, 49); although the usual predominant valency state will be 
the trivalent (27). A glass containing vanadium ion melted 
under oxidizing condition will show the predominant penta-
valent state and won't give any color. Only a tail of the 
5+ 
strong charge transfer band attributed to V will be shown 
in the high energy side of the optical spectrum as shown in 
Figure 11a and lid (48, 49). Therefore the tetra- and tri­
valent vanadium ions are the major valency states responsible 
Figure lia. Extinction coefficients for in borate (48) 
(a) 2Na O.dBgO 
(b) ZNagO.lZBgO 
(c) 2Na20.10B Og 
(d) 2Na20.32B Og 
3 + 
Figure 11b. Extinction coefficients for V in borophosphate 
(48) 
(a) 2Na20.7B Og.PgOg 
(b) 2Na20.63^02•2P2O5 
(c) 2Na20.5B202.3P20g 
Figure 11c. Apparent extinction curves of mixed V 
in borophosphate (48) 
(a) 2Na2O.7B2O.P2Og 
(b) 2Na20.6B202.2P20^ 
(c) 2Na O.5B2O2.3P2O5 
3+ 
and 
Figure lld. Absorption coefficients for and in Na20.2SiO2 
(49) 
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for the colors in glasses; V^"*" for blue and for green (2, 
25, 27, 34, 4 9). There is no definite information about 
2+ 
V in normal glass (2). Bates (2) however predicts that if 
2+ 
V occurs in an octahedral symmetry in a glass, the bands 
would be at 10,500, 16,000, and 24,600 cm ^ corresponding to 
4 4 4 4 the electronic transitions of T^g(F), 
à 4 
and "A2g(F)-^ respectively. The prediction was based 
2-k 
on the assignments for [V(H20)g] 
Trivalent vanadium ion in a glass showed the three 
3 3 
absorption bands. They are assigned as T^^ (F) 
^T^g(F)-^^T^g(P) , and ^T^g(F)-^^A2^(F) (see Table 4). 
Penta- and tetra-valent vanadium ions are believed to. 
3— 2-
exist as [VO^] (or [VO^O^y^^ where 0^/2 indicates a 
bridging ion) (23, 29, 46) and (vanadyl ion) (2, 25, 49, 
54, 91), respectively, as shown 
3_ /O ° ^  /O 2-
[VO.]  + B—0—B — B—0— + [O-V-O-B ]  
0^ 0 O ^ 0 
for a ion. Pentavalent vanadium in a 2Na20.lB^0g glass 
-1 
showed a strong U.V. band at 37,500 cm (32) and was 
assumed to have a tetrahedral coordination (35). 
On the other hand tetravalent vanadium which exists as 
2-L 
the VO ion in a glass showed more than one transition 
(if there is only one transition as expected, it will be 
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2 2 1 E(D) corresponding to d configuration). Such as: 
29,000 cm 
16,000 cm 
10,000 cm 
-1 
-1 
-1 (43), 9,200 cm~^(45); 
(43), 16,400 cm'l (45); 
(43), 23,800 cm~^ (45); 
and assumed to have a distorted octahedral symmetry (47, 54, 
Experimentally found ligand field characteristics of 
vanadium as a function of alkali content are as follows: 
The band intensity is decreased with increasing alkali 
content (26, 54), and bands shift to longer wavelengths (48), 
although the degree of shifting is more progressive than that 
of the intensity changing (48, 55). The shift of the band 
peaks due to the variation of alkali content is shown in 
Figure 12. However, it is expected that changing the 
alkali content will have less effect on silicate glasses than 
borate glasses because there is less structural change in 
alkali silicate glasses with higher alkali content (26, 54). 
The B-0 bond length was considerably increased as adding more 
alkali oxides in borate glasses (19), while the Si-0 bond 
length was less affected by addition of alkali oxides (92) . 
The decrease in intensity with increasing alkali content is 
also due to the fact that the proportion of the presence of 
higher valency state is increased (26)- Accordingly, the 
91) . 
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Figure 12. The shift of optical absorption bands for 
ion in various alkali borate glasses (54) 
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colored vanadium glass becomes colorless with .increasing 
basicity, the transition energy for ion will be higher 
with increasing alkali content as shown in Figure 11a, by 
the shifting of the tail towards the higher energy side 
(it is assumed that the intensity is also increased, 
probably due to the increasing covalency in the V-0 bonding 
(35, 47), while the intensities of the and V^"*" bands 
are decreased). However, the transition energy for the 
4 + 
or V ion will be lower with high alkali content as shown 
in Figure 10b, 10c, and Figure 11, because the tetragonally 
distorted octahedral symmetry will have a tendency to become 
a regular octahedral symmetry with increasing electron don-
ability of the ligand oxygen coordinated in the transposition 
to the vanadyl oxygen. In other words, with increasing alkali 
content, the V-0 based length increases and the energy required 
for a transition will be lower (54, 91) . 
4. Cobalt ions 
The only known oxidation which occurs for cobalt in a 
glass is Co^^, which belongs to 3d^ configuration (2, 26, 73, 
2+ 78). Co can be in octahedral as well as in tetrahedral 
symmetry, as expected from the lower OCPE. The ratio of the 
octahedral to the tetrahedral depends on the basicity of the 
glass (78). With increasing glass basicity, the coordina-
2+ tion of Co ion is changed from octahedral (pink) to tetra­
hedral (blue) in a borate glass. 
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The optical absorption properties including its rela­
tions to the glass basicity will be found in many references, 
(2, 24, 26, 27, 30, 36, 37, 39, 40, 73, 76, 77,78, 79). 
Since the area under an absorption band is proportional 
to the intensity, the relative change in the ratio Co^^(oct)/ 
2+ Co (tet) may be proportional to the ratio of the total areas 
under the bands of octahedral and tetrahedral absorptions 
(78). Three absorption bands are usually expected for both 
octahedral and tetrahedral coordinations. Their theoretical 
energies are given below in terms of the ligand field 
parameters (90). 
'^Tig(F)->'^Tig (P) = [225 B^+180BDq+100Dg^]^/^ (11) 
^T2g(F)-»-^Aj^.(F) = - M B + 15Dq + |[225B^+180BDq+100Dq^] ^^2) 
'^T2g(F)->'^T2g(F) B + 5Dq + |[225B^+180BDq+100Dq^] (13) 
^A2(F)^4T^(F) = ^  B + 15Dq - |[225B^+180BDq+100Dq^] (14) 
^ A 2  ( F ) ( P )  =  ^  B  +  1 5 D q  +  | [ 2 2 5 B ^ + 1 8 0 B D q + 1 0 0 D q ^ ]  ( 1 5 )  
'^A2(F)^^T2(F) = lODq. (16) 
2+ 
The most intense absorption band for an octahedral Co 
ion is at around 18,000-20,000 cm ^ (^T^g(F)^^T^g(P)) with 
a shoulder (attributed to a spin-orbit coupling (78)), in a 
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lower intensity. The most intense absorption band for a 
tetrahedral Co^"*" ion is near 17,000 cm ^ 
with very high intensity. These are triply splitted bands 
(attributed to d-p mixing (2), i.e., a distorted tetrahedron; 
2+ [CoX^Y^] ; where X, Y = the ligands but with different 
distances between the central ion and the ligands (26) , or 
to spin-orbit coupling (77, 78)). 
The variation of the optical absorption was not so 
great for alkali borate glasses having less than about 15% 
by weight, i.e., the absorption maxima was always near at 
550 my (25). For the alkali oxide content greater than 15%, 
the intensity of the band markedly increased with increasing 
basicity and the band at 550 my shifted to longer wavelengths, 
creating the splitting of the band as described above. How­
ever, the lowest band among the three split bands, at 
— •} 
around 513 my (19,500 cm ) has been differently assigned by 
Bates (2), Bamford (26), or Juza, ^  a_l. (77); i.e., 
or '^A2(F)->^T^(G) , because state is just above 
4 2+ the P state of the free Co ion. 
From the glass structural point of view, the composition 
effect is explained as below: 
a) With increasing NagO content in a borate glass, the 
glass shows a shifting of the absorption maximum from about 
550 to 600 my. The shifting was observed markedly above 15% wt. 
% of NagO (26), because the structure becomes weaker due to 
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the increasing B-0 bond length and by the creation of non-
bridging oxygen ions (which form the ligands). Accordingly, 
it requires less energy for the electronic transition and the 
result is a shifting in position to longer wavelength. On 
the other hand, the shifting of the band with lower soda 
content, below 15%, will be less affected by the addition of 
the NagO because the additional NagO did not result in the 
formation of nonbridging oxygen ligands. 
b) The increase in intensity with basicity is due to 
2+ 
the increased solubility of the Co ions and the increased 
polarizing action of the Co^^ ions. 
Therefore, the intensity of the band is increased as the NagO 
content is increased. However, below the 15% NagO, the num­
ber of polarizing oxygens will not change with the basicity. 
C. Effect of Oxygen Pressure on Optical 
Absorption Spectra 
Most of the first row transition metal ions have more 
than one oxidation state in glass depending on the effective 
oxygen pressure during the test or under which they were 
melted. The possible ions are: Cr^^, 
CrG+; Mnf*, Mn^*; Fe^"^, Fe^"^; Co^*; Ti^'^,Ti^"^;Ni^'^; and Cu^* 
(2, 24, 25, 26) . Among these ions, Ti^^, Co^^, Ni^"*" and Cu^^ 
ions are generally known as stable ions in one oxidation 
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state in glass under normal conditions. 
The simplest equation which may express the equilibrium 
of the state is 
+ J O2 ; + I o^- (17) 
R 
giving the equilibrium constant, 
\ . n/4 
or 
^ (z+n) + 
log|__| = log j log P (19) 
M 2 
where a , , > , and a are the thermodynamic activities of 
^(z+n)» 
metal M in the (z+n)+ and z+ state, respectively, %2- is the 
activity of oxygen ions (essentially one), and P is the 
U2 
oxygen partial pressure in equilibrium in glass. In this 
mass expression, n is the difference between the valence 
state, i.e., the number of electrons involved in the valence 
change of metal M (49, 93, 94). 
The tendency to oxidize will be higher with increasing 
alkali content (55) or increasing P (93, 94). The ex-
2 
ternal oxygen pressure, therefore, could change the valance 
state and cause different 3d^ electronic configuration which 
would have different absorptions at constant temperature and 
composition. It depends on the metal ion, e.g., a ion is 
94 
4+ 2+ 3+ known to be readily reduced to V (or VO ion), V , or 
2+ 
even V . Accordingly, the color of a glass containing 
vanadium ions depends not only on the coordination number, 
but also on the oxidation state. For a glass containing 
5+ 4+ 3 + 
vanadium ions such as V , V , and V ions, the mass action 
expressions will be 
1 log[ ] = const, + -j log Pq-,' (20) 
and 
%4+ 1 
log[- ] = const + -T log Pq (21) 
In each case the left term is a function of Pq^. a de­
creases as P02 decreases, and if Pg^ is further decreased 
a _ will increase. Figure 13 shows the change of ab-
V 
sorption at about 420 mp which accompanies the change in 
5+ 3+ 
valence state from V to V as P02 is reduced. However, 
the band intensities at 1,090 my (V^^) initially increase 
and then decrease instead of following the manner at 420 my. 
Although these distinct phenomena have not been explained, 
they could be related to the mass expressions of Equations 20 
and 21. 
95 
-y5+ a 
ti, 
I 
?8 
A 
A. _i 
,3+ 
,4+. 
0.21 ATM 
2.82 X 10 -11 
•13 
ATM 
2.82 X 10 ATM 
-17 
2.82 X 10"^^ ATM 
2.82 X 10 " ATM 
.,4+ 
1 _L 
400 600 800 1000 
X(mu) —3 
1200 1400 
Figure 13. Optical density/cm vs. wavelength for samples of 
vanadium in Na 0.2Si02 prepared at various oxygen 
partial pressures (49T 
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D. Effect of Temperature on Optical 
Absorption Spectra 
The effect of temperature on an optical absorption spec­
trum of a transition metal ion in glass is generally similar 
to that of an increase in basicity; with more basic composi­
tions a coloring ion in glass systematically favors lower 
coordination; similarly with increasing temperature at constant 
pressure and composition the metal ion in glass also shows 
lower coordination (47). 
As a result of thermal vibration at high temperature, the 
optical absorption band will be shifted by an increase in the 
Si-0 internuclear distance with a consequent decrease of the 
natural frequency (95) . Thus, increasing the temperature and 
the vibrational amplitudes will lead to a decrease in the 
value of Dq (96, 97). Paul (98) recently studied the 
2+ 2+ 
temperature effect of Ni and Co ion-doped Na20-4P^0g and 
H^O-NaCl mixtures. With increasing temperature, the bands 
shifted to longer wavelengths and the intensities were in­
creased (Figures 14 and 15) . 
By considering the temperature dependence of the dynamic 
2+ 
equilibrium between octahedral and tetrahedral Co in 
Na^O-CaO-P^O^ and Na^0-4P20^ glasses as 
C^2+,glass ^ glass ^ (22) 
A 
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Figure l4. Absorption spectra of Co^* in & 
function of temperautre (98) 
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Figure 15. Absorption spectra of Co^"*" in H_0-NaCl mixture 
at different temperatures (98) 
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the energy of reaction, AG^ was expressed as 
AG° =-RT In k (23) 
where AG^ =0 at dynamic equilibrium, the equilibrium 
constant, k = / [00^^"*"'^^^^^] and the brackets 
indicate concentrations. , 
A total absorption area under a curve for the cobalt 
glass was defined as A. The k was obtained from the ratio 
2+ 
of the fraction of tetrahedral Co to the fraction of 
octahedral Co^"'", i.e., k = [(A-A^J/Agj/fl-ffA-A^X/A^]} where 
2+ 
A^ is the absorption area of octahedral Co and (A^+Ag) 
2+ is that of tetrahedral Co for a particular glass. With an 
assumption of A^ >> A^, 
^  =  ( 2 4 ,  
*2 *2 
AA is the increase in absorption area from all octahedral 
complexes. 
Substituting Equation (24) into Equation (22), then 
AG° = ÛH° - TAS° =-RT 1„|| (25) 
or AS° AH° J 
In(AA) = InA- + - ( -r^) ) = 
^ ^ R T (26) 
where AH° and AS° are the enthalpy and entropy terms 
of the reaction, at standard states respectively. 
From a plot of In(AA) versus 1/T (Figure 15), AH° was 
calculated under the assumption that AH^ is independent of 
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Figure 16. Variation of absorption area of Co and Ni in 
glasses with temperature (98) 
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composition- AH^ for Na^O-CaO-P^Og is 6.6 Kcal/mole and for 
Na20-4P20g is 19.5 Kcal/mole (98). 
In order to establish the mechanism of the transitions 
as a function of temperature, the temperature dependence of 
the absorption of glass containing transition metal ions was 
studied by Holmes and McClure (99) for crystalline hydrates. 
Marsh (9 6) for Cr^^-doped soda-lime-silica glass, Satten and 
2 —  Wong (100) for [UClg] complex, and Brynestad et al. (97) 
for Ni^^-doped KMgCl^. 
The vibronic interaction mechanism is expected at high 
temperatures and light can be absorbed by the ions at the 
off-center positions. There are three different types of 
asymmetric vibrations, v^fT^^), and v^fTg^). Of 
these three, it is expected that the asymmetric stretching 
mode VgtT^y) (being the motion of the central ion toward 
the ligands) is mostly responsible for intensities in MXg 
complexes (4, 96, 99) (See Figure 17). 
1. Effect on the intensity of absorption bands 
The most accurate representation of the intensity of a 
band is known as the oscillator strength, f (4). This is the area 
under the curve in a plot of molar absorptivity, e(liter/ 
mole-cm), vs. frequency, v(kK). For a band from to 
-e. 
f = 4.32 X 10 e(v)dv (27) 
^ ^ 1  
102 
Figure 17. Vibration of an MXg complex (96) 
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According to Holmes and McClure (99), the oscillator strength 
of a vibronically induced transition can be expressed as 
where fg is the f at 0°K, and 6 is a parameter related to the 
frequency of the responsible vibration in units of tempera­
ture. This model was used later by Marsh (96) for a glass 
system at the temperature range from 0 to 800°K (see Figure 
18a). The curve fitting was generally good throughout the 
temperature range except below 300°K. He finally concluded 
that the transition mechanism at low temperatures could not 
be vibronic. 
A different model for the total f was given by Brynestad 
et al. (97) and Satten and Wong (100) - This is based on the 
oscillator strength in both directions, i.e., and direction 
which involves an increase of one quantum of vibration (sum­
mation band) and the other direction which involves a decrease 
in one quantum of vibration (difference band). 
For the summation band of a vibrational quantum of the 
ith mode 
( 2 8 )  
f.O 
^i l-exp(-0^/T) 
1 (29) 
and for the difference band 
104 
(30) 
Therefore the temperature dependence of the total f of an 
electronic transition is 
f Z(i) ) 
i 
(31) 
Substituting Equations (29) and (30) into Equation 
(31) yields 
f = Z(i)f^° coth(ej_/2T) 
i 
(32) 
where the summation is over all effective modes. With an 
assumption that a single mode is much more effective than 
the others. Equation (32) reduces to a single function; 
(see Figure 18b). 
2. Effect on the position of absorption band 
At high temperatures, both the lower and upper energy 
states are vibrated as shown by the increase in intensity. If 
the temperature is reduced, the intensity will be decreased be­
cause of the loss of ground state vibrations and the remain­
ing intensity is all ascribed to the upper state vibrations 
(99) . At a sufficiently low temperatures, part of the 
transition is due to a permanent noncentrosymmetric 
f = fg coth(9/2T) (33) 
Figure 18. Temperature dependences of the oscillator 
strengths of spin-allowed bands 
(a) Cr^^-doped soda-lime-silica glass. The 
points are experimental^and the curves are 
drawn using f = f^(1+e ) with 0 = 478 °K 
(96) 
(b) Ni^^-doped KMgCl^; circles, 
^T- (P) combined with (F)^ T- (F); 
xy 2 3 ^9 -Ly 
triangles, A_^(F)-> T, (F) ; and squares, 
3 3 ^ -^9 
TggCF). Dashed lines A, D, and E, 
connect data points. Solid lines B and C 
represent the function f = fg coth (200/2T) 
fitted to the data at 298°K (97) 
106 
(a) ( b )  
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distortion. The temperature dependence of the absorption 
band was given by Holmes and McClure (99) as 
W = "o + Itanh(^)- 11 ' (34) 
where 0 was obtained from the f-number data. For soda-
lime-silica glasses the temperature dependence of was 
used by Marsh (96) to obtain an estimate of the applicability 
of the ligand field point charge model, = 10Dq(oct)= 
cR where c is a proportionality constant and R is the 
internuclear distance from the central ion to a ligand. 
Marsh calculated n = 4.9 which is in good agreement with the 
point charge model (n=5) (4). 
Since Dg is decreased (i.e., R is increased) as tempera­
ture is raised, v can shift in either wavelength direction. 
mâx 
The shifting will depend on the slope of the upper curve in 
the energy level diagram; if the slope is positive, then it 
will shift to longer wavelengths and if the slope is negative, 
then it will shift to shorter wavelengths. If the energy 
level curve in the diagram is horizontal (i.e., the slope = 
0), then, it will be temperature independent. 
From the point charge model (4) and a generalized ex­
pression of an electronic state, the following expressions can 
be written 
E = uDq + v = u(cR^)+v (35) 
108 
where u and v are constants, or 
log(E-v) = log(uc)-n log R (36) 
Differentiating with respect to R 
or 
1 9R 
with an assumption of — = AJI/JIAT = a where a is the 
linear thermal expansion coefficient of glass. Equation (38) 
becomes 
1  9 ( E - v )  
R 3T 
3 (E-v) (1) (40) 
(E-v) 3T a 
For a glass having G|o_4oooc = 10 ^ E = lODq + 0 (for 
Of . i|| was found to be -0.75 cm "C 
0-400°c 
_ -1 (Figure 19), and taking a mean value of e= 15,250 cm 
over the temperature range considered, -n was calculated 
as 4.9. 
109 
24.0 
22 .0  
k 
20.0  
t 
E 
u 
^ 18.0 
16.0 
14.0 
-273 -73 127 327 527 
TEMP. (°C) 
Figure 19. Variation of peak energy with temperature for 
the spin-allowed bands of Cr^"*" in a soda-lime-
silica glass (96) 
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IV. EXPERIMENTAL PROCEDURE 
A. Sample Preparation for the Absorption 
Spectroscopy 
Sodium borate and sodium silicate glasses were pre­
pared with the appropriate amounts of reagent grade anhydrous 
sodium carbonate, chemically certified boric acid, borax, 
and reagent grade silicic acid from either the Baker Chemical 
Company or the Fisher Scientific Company. Batch compositions 
of the glasses studied are shown in Table 5 along with the 
compositions which were chemically analyzed. A detailed in­
formation about all the samples prepared is in Appendix D. 
Because of weight loss, after being melted, the glasses were 
always weighed. Both the compositions shown in Table 6 
are based on the final total weights of glass samples. 
Weight loss studies on borate glasses showed that dehydration 
was complete after about six hours at 600°C (8 5). The loss on 
ignition of the silicic acid was observed as 16.01% in the 
average of three different measurements after being heated 
at about 1100°C for about 5 hours in platinum crucibles. 
Small amounts (0.2 1.0% by weight of a parent 
glass) of cobalt, nickel, manganese, and vanadium ions were 
introduced into the base glasses as chemically analyzed 
reagent cobalt carbonate, nickelous carbonate, manganous 
carbonate, and chemically certified vanadium pentoxide, 
respectively. All of the chemicals are again either from the 
Table 5. Compositions of glasses (The top rows are the batch compositions and the bottom rows 
are the chemically analyzed compositions.) 
No. Identification Na^O 
(m/o) (m/o) 
M no 
(m/o) 
2+ 3+ 
Mn Mn~ 
(m/o) (mole/Jl) (mole/il) 
d(g/cc) x(cm ) 
6 
7 
8 
9 
10 
11 
12 
13 
14 
5BMAIR-A 
15BMAIR-A 
25BMAIR-A 
35BMAIR-A 
5BMAIR 
15BMA1R 
6.184 
5.415 
15.530 
15.225 
25.962 
22.468 
34.740 
34.779 
94.564 
94.293 
84.210 
84 .499 
73 .430 
77.309 
65.020 
65.000 
0.28069 0.01143 0.080305 0.003170 
0.26369® 0.01191 0.080923® 0.0036521 
0.212157 0.01111 0.07763 0.004086 
0.170432 0.050271 0.059969 0.01769 
5.415 94.293 0.28069 0.001143 0.068335 0.002783 
" " " " 0.069754 0.002841 
" " 0.072593 0.0029565 
" " " " 0.074418 0.0030308 
" " " " 0.076649 0.00312168 
15.225 84.499 0.26369^  0.01191 0.072226 0.0032595 
" " " " 0.074333 0.003355 
" " " " 0.077015 0.0034757 
" " " " 0.078548 0.0035449 
1.935 
2.112 
2.230 
2.380 
1.685 
1.720 
1.790 
1.835 
1.890 
1.885 
1.940 
2.010 
2.050 
0.414 
0.438 
0.373 
0.436 
0.500 
Assumed value. 
Table 5 (Continued) 
No. Identification Na^ O MnO 
2+ 
Mn 
3+ 
Mn d (g/cc) X (cm) 
(m/o) (m/o) (m/o) (m/o) (mole/Jl) (mole/&) 
15 25BMAIR 22.468 77 .409 0. 212157 0.01111 0.070552 0.0037133 2.040 0.500 
16 M  I I  I I  0.073319 0.0038589 2.120 
17 I I  I I  I t  0.076155 0.0040082 2.202 
18 35BMAIR 34.779 65.000 0. 170432 0.05027 0.052247 0.031824 2.065 
19 I I  I I  0.05479 0.031824 2.065 
20 I I  I I  0.057687 0.035137 2.280 
No. Identif ication Na^O SiOg MnO 
2+ 
Mn Mn^ + d(g/cc) X (cm) 
(m/o) (m/o) (m/o) (m/o) (mole/£) (mole/Jl) 
24 lOSMR-A 8.298 91.464 0 .2279 0.0100 0.08434 0.003736 2.280 0.268 
28 15SM0-A 14.898 84.871 0.2148 0.0189 0.08215 0.007235 2.338 0.228 
32 20SMR-A 21.384 78.358 0 .2534 0.00441 0.10027 0.001744 2.395 0.438 
34 35SMR-A 31.973 67.714 0 .2679 0.00466 0.11408 0.001881 2.475 0.289 
No. Identification Na^O ®2°3 MnO M"2°3 
2+ 
Mn 
3+ 
Mn d(g/cc) X (cm) 
(m/o) (m/o) (m/o) (m/o) (mole/£) 1 (mole/S,) 
35 5BM0-A 5.174 93.900 
5.605 93.975 0 .6341 0.03 273 0.17775 0.0848 1.375 0.648 
38 5BMR-A 5.17 5 93.900 
5.672 94.165 0 .6542 - 0.18345 - 1.940 0.363 
40 15BM0-A 15.314 83.802 
15.464 84 .180 0 .5931 0.07873 0.18334 0.01695 2.116 0.471 
Table 5 (Continued) 
No. Identification Na^ O MnO d (g/cc) X (cm) 
(m/o) (m/o) (m/o) (m/o) (mole/ii) (mole/&) 
15.314 83.802 
42 15BMR-A 15.243 
25.495 
83.917 
73.633 
0.1690 0.16900 2.1125 0.382 
44 25BMO-A 25.130 
25.495 
74.372 
73.633 
0.1881 0.09245 0.18813 0.03101 2.2715 0,281 
46 25BMR-A 24.913 
35.649 
74.376 
63.489 
0.1981 0.19813 2.2700 0.410 
48 35BMO-A 34.802 
35.649 
65.159 
63.489 
0.2082 0.03724 0.20816 0.01301 2.3815 0.403 
50 35BMR-A 34,699 65.448 0.2207 - 0.22070 - 2.3800 0,374 
No. Identif ication Na^ O NiO 
Ni 2+ Ni'+ Temp.(°C) & 
p (Atm.) 
°2 
d(g/cc) X (cm) 
(m/o) (m/o) (m/o) (w/o) (mole/&) 
51 5BNAIR-A 5.7377 
5.7304 
93.711 
93.711 
0.5586 
0.5586 
0.474 
0.474 
0.15663 
0.15858 
25, 0.21 1.940 0.582 
52 15DNAIR-A 15.1564 
15.185 
84.270 
84 .246 
0,452 
0.569 
0.493 
0.48793 
0.17718 
0.17544 
I I  I I  2.111 0.578 
53 25BNAIR-A 24.938 
24.918 
74 .4924 
74.3660 
0.5388 
0.7163 
0.494 
0.621708 
0.19100 
0.24030 
I I  I I  2.270 0.477 
54 35BNAIR-A 34.7636 64.6742 0.4040 0.493 0.199434 " 2.375 0.371 
34.7004 64.3955 0.7042 0.618035 0.25001 
55 5BNAIR 5.7304 93.711 0.5586 0.474 0.1340 983, " 1.660 0.500 
56 0.1364 801 " 1.690 I I  
58 0.1421 '\,600 " 1.760 I I  
61 15BNAIR 15.185 84.246 0.5690 0.48793 0.15417 983, " 1.855 
Table 5 (Continued) 
No. Identification ^^ 2° ®2°3 
(m/o) (m/o) (m/o) (w/o) 
62 15BNAIR 15.185 84.246 0.5690 0.48793 
02 *' " " " " 
64 " " " " " 
6 5  n  I t  f t  I I  I I  
6 6  M  "  M  I I  I I  
6 7  H  I t  M  I I  M  
68 25BNAIR 24,918 74.3660 0.7163 0.621708 
69 " Il M II II 
*70 II »» II II II 
Y Il II II II II 
Y 2 II II II II II 
73 35BNAIR 34.7004 64,5955 0.7042 0,618025 
75 II II II II II 
76 II II II II II 
77 II II II II II 
Ni^+ 
Temp. ( ®C) d(g/cc) x(cm.) 
(mole/&) 
0.1554 878 1.870 0.500 
0.15791 801 1.900 
0.1604 709 1.930 
0.16331 631 1.965 " 
0.16497 ~550 1.985 " 
0.16788 458 2.020 
0.21232 962 2.005 
0.21708 845 2.050 
0.2215 753 2.092 
0,22873 610 2.160 " 
0.23371 426 2.207 
0.21317 952 2.025 " 
0.22507 753 2.138 
0.23317 610 2.215 
0.24107 428 2.290 " 
Table 5 (Continued) 
No. Identification NagO 
(m/o) (m/o) (mole/A) (mole/£) (mole/£) 
Temp. ( 
or Po2 
"O 
(Atm.) d(g/cc) x<cm) 
81 5BVAIR-A 5.1410 
4.8456 
93.484 
93.805 
0.38090 
0.373688 
0.21 1.925 0.422 
83 5BVR-A 4.7320 
5.1630 
93.923 
94.949 0.019303 0.14670 0.0810708 io"^ i 1.930 0.100 
86 15BVAIR-A 14.7320 
14.5780 
83.928 
84.075 
0.4099 
0.4113 
0.21 2.103 
2.100 
0.522 
87 15BVR,-A 14.732 83.928 -0.40® ? - 10 2.103 0.463 
88 15BVR»-A 
14.578 84.075 'V0.41® ? 
10-': 2.100 0.458 
14.594 84.441 - 0.11573 0.27208 
90 25BVAIR-A 23.732 74.927 0.4439 - - 0,21 2.250 0.436 
91 25BVR-A 25.11 
24,021 
73.566 
74.593 
-
0.19417 0.23732 lo-'i 2.255 
0.444 
93 33BVAIR-A 34.760 
31.058 
63.813 
67.631 
0.46993 
0.45592 
0.21 2.382 
2.3475 
0.395 
94 35BVAIR-A 34.961 
34.361 
63.725 
64.210 
0.47237 
0.5047 
0.21 2.3825 
2.3775 
0.536 
95 IBVAXR 1.023 97.604 0.3643 - - 875 1.550 0,500 
97 IBVR I I  865, 10"': 1.545 
98 IBVR 5.1410 93.484 I I  I I  867, 10-': 
99 5BVR 4.8456 93.805, 0,3737 I I  867, 10-': 
Table 5 (Continued) 
No. Identification Na^ O Temp 
(°C) 
(Atm.) d(g/cc) X (cm) (m/o) (m/o) (mole/S-) (mole/5,) (mole/il) or P °2 
102 25BVO 24.549 74.2395 0.39289 - - 403, 0 .70 2.205 0.500 
103 35BVR 34,879 63.929 0.45592 
'\otal> - 928, 
10-21 2.050 
104 35BVO I I  0.36479 - - 922, 0 .70 2.050 
No. Identification Na^ O 
(m/o) 
®2°3 
(m/o) 
CoO 
(m/o) 
Co'+ 
(w/o) (mole/£) 
Temp 
or^ o 2 
(°C) 
(Atm.) d(g/cc) X (cm) 
106 IBCAIR-A 1.425 98.334 0.190 0.205 0.06453 25, 0 ,21 1.855 0.472 
108 5BCAIR-A 7.200 
5.543 
92.570 
94.219 
0.230 
0.238 
0.1960 
0.2027 
0,06502 
0.06664 
1.955 
1.9375 
0.310 
109 5BCAIR I I  I I  I I  I I  0.05710 911, 1.660 0.500 
110 I I  I t  I I  t l  I I  0.0588 742, 1.710 t l  
111 I I  t l  I I  I I  I I  0.06036 605, 1.755 I t  
112 M  t l  0.06208 482, 1.805 t l  
113 I I  I I  I I  I I  0.06363 370, 1.850 I I  
114 I I  I t  
20,391 
I I  
79.375 0.234 
I I  
0.202 
0.06535 
0.0741 
201, 1.900 
2.170 
116 15BCAIR-A 15,211 84.211 0.334 0.288 0.10331 25, 0.21 2.114 0.366 
Table 5 (Continued) 
No. Identification ^^ 2^  2^*^ 3 CoO 
(m/o) (m/o) (m/o) 
Co^+ Co^+ 
(w/o) (mole/S,) 
Temp. (°C) 
orPoj (Atm.) d(g/cc) X(cm) 
117 15BCAIR 
118 
119 
120 
121 
123 25BCAIR-A 
124 25BCAIR 
125 
126 
127 
128 
130 33BCAIR-A 
131 33BCAIR 
132 
133 
134 
15,310 84,211 0.334 
28.284 71,506 0.210 
32.584 67.187 0.229 
33.115 66.627 0.2578 
0.288 0,09173 
0.093829 
0.095783 
" 0.096761 
0.11093 
0.183 0.071886 
0.06422 
0.06552 
" 0.0676 
0 .0686  
" 0.06909 
0.202 0.08098 
0.226 0.09079 
0.0795 
" 0.0813 
" 0.0832 
" 0.0842 
900, 0.21 
770, " 
648, " 
555, " 
475, " 
25, 0.21 
859, " 
774, " 
626, " 
565, " 
501, " 
25, 0.21 
858, " 
773, " 
686, " 
626, " 
1.877 0.500 
1.920 
1.960 
1.980 
2.270 
2.315 0.342 
2.068 0.500 
2.110 
2.177 " 
2.210 
2,225 " 
2,3625 0.296 
2.3675 
2.073 0.500 
2 .120  
2.170 " 
2.195 
M 
M 
•-J 
Table 5 (Continued) 
No. Identification 
(m/o) 
»2°3 
(m/o) 
CoO 
(m/o) 
co:+ 
(w/o) 
Co2+ 
(molo/£) 
Temp. 
orPog 
(°C) 
(Atm.) d(g/cc) X (cm) 
135 33BCAIR 33.115 66.627 0.2578 0.226 0.0863 501, 0 .21 2.250 0.500 
136 I I  I I  I I  0.0784 417, 2.280 I I  
137 I I  I I  I I  0.0878 292, 2.315 I I  
No. Identification Na^ O 
(m/o) 
SiO, 
(m/o) 
CoO 
(m/o) 
Co2+ 
(w/o) (mole/&) 
Temp, 
or P-
°2 
(°C) 
(Atm. j  d(g/cc) X (cm) 
139 
141 
143 
145 
lOSCAIR-A 
15SCAIR-A 
25SCAIR-A 
35SCAIR-A 
8.4551 
9.5375 
14.849 
14,997 
21,986 
22,524 
31,808 
91.409 
90.091 
84,9475 
84,7973 
77,803 
77,2607 
67,708 
0.136 
0.372 
0.204 
0.206 
0.211 
0.215 
0.484 
0.132 
0.208 
0.198 
0.204 
0.207 
0.2087 
0.05107 
0.08082 
0.07862 
0.0827 
0.0843 
0.08712 
25, 0.21 2 . 2 8  
2.29 
2.34 
2.39 
2.40 
2.46 
0.310 
0.454 
0.400 
0.343 
H 
H 
œ 
119 
Table 6. Melting and annealing conditions 
Melting Melting Annealing p 
No. Identification Temp. Time Temp. °2 Color 
(°C) (Hr.) (°C) (Atm.) 
1 
2 
3 
5 
21 
22 
23 
24 
25 
26 
27 
28 
29 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
5BMAIR-A 
ISBMAIR-A 
25BMAIR-A 
35BMAIR-A 
15SM0-Q 
15SM0-A 
15SMR-Q 
15SMR-A 
25SMO-0 
25SMO-A 
25SMR-rQ 
25SMR-A 
35SMO-Q 
35SMR-Q 
35SMR-A 
45SMO-A 
45SMR-A 
5BM0-A 
5BM0-Q 
5BMR-Q 
5BMR-A 
15BM0-Q 
15BM0-A 
061 
100 
550 
550 
500 
450 
050 
13.5 
8.5 
12.0 
10 .0  
12 
300 
440 
480 
650 
650 
550 
550 
500 
460 
300 
300 
440 
0.21 Purplish-brown 
" Light brown 
" Brown 
" Dark brown 
0.73 Pale purple 
-22 10 
0.73 Purple 
-22  10 
1.00 Deep purple 
10~^^ 
0.73 
icT^z 
0.815 Deep brown 
" Colorless 
Light brown 
Colorless 
10 
-3 
-3 10 
0.815 Dark brown 
120 
Table 6 (Continued) 
Melting Melting 
No. Identification Temp. Time 
(°C) (Hr.) 
Annealing 
Temp. (Atm.) Color 
(°C) ~ 
41 
42 
43 
44 
45 
45 
47 
48 
49 
50 
51 
52 
53 
54 
78 
80 
81 
82 
83 
84 
85 
87 
88 
15BMR-Q 
15BMR-A 
25BMO-Q 
25BMO-A 
25BMR-Q 
25BMR-A 
35BMO-Q 
35BMO-A 
35BMR-Q 
35BMR-A 
5BNAIR-A 
15BNAIR-A 
25BNAIR-A 
35BNAIR-A 
IBVAIR-Q 
5BVAIR-Q 
5BVAIR-A 
5BVR-Q 
5BVR-A 
15BVAIR-Q 
15BVAIR-A 
15BVR^ -A 
ISBVRg-A 
1,040 24 
12 
050 12 
050 12 
6(AIR)+14 
12 
440 
480 
480 
480 
480 
300 
440 
480 
300 
300 
440 
-21 4x10 Colorless 
0.815 Dark brown 
-21 10 Colorless 
1.226 Very dk. brn. 
-20 
10 
0.21 
0.21 
-21 
10 
0.21 
10 
Light brown 
Yellowish 
green 
Brown 
Deep brown 
Pale green 
Blue 
Pale green 
10 
-21 
Deep green 
121 
Table 5 (Continued) 
No. Identification 
Melting 
Temp. 
(°C) 
Melting 
Temp. 
(Hr.) 
Annealing 
Temp. 
CO 
P (Atm 
*2 
.) Color 
89 15BVAIR-Q 1,050 12 - 0.21 Pale Green 
90 15BVAIR-A " 440 " " 
91 25BVR-A " 480 10-21 Deep green 
92 35BVAIR-Q " - 0.21 Faint green 
93 34BVAIR-A " 480 " 
106 IBCAIR-A 24 300 0.21 Purple 
107 5BCAIR-Q 12 - " 
108 5BCAIR-A 300 " 
115 15BCAIR-Q - " Purplish blue 
116 15BCAIR-A 440 " " 
122 25BCA1R-Q - " Blue 
123 25BCAIR-A 480 " " 
129 35BCAIR-Q - " Deep blue 
130 35BCAIR-A 480 " 
138 15SCAIR-Q 1,600 11.5 - 0.21 Deep blue 
139 15SCAIR-A 650 " 
140 25SCAIR-Q 1,550 13.5 - " 
141 25SCAIR-A 550 " 
142 35SCAIR-Q 1,485 10.5 - " 
143 35SCAIR-A " 500 " 
144 45SCA1R-Q 1,459 14.0 - " 
145 45SCAIR-A 450 " 
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Baker Company or the Fisher Scientific Company. 
The appropriate amounts of the compounds were thoroughly 
mixed before melting with a bunsen burner. During the 
initial melting with the burner the crucibles were tilted 
back and forth to improve mixing. 
The melts were then kept in the vertical tube 
electrical furnaces in air or under the controlled atmos­
pheres for 10 to 25 hours at about 1,100 °C. A small amount 
of each melt was casted as a slab (8 mm dia. x 5 mm thick) 
into a graphite mold followed by air quenching for borate 
glasses and cold water quenching for silicates. After the 
first absorption measurements the slabs were annealed to study 
the effect of heat treatments on the absorptions. The melting 
and annealing were carried out based on Figure 20 for sodium 
borates. For silicates, they were based on the 
phase diagram (101) and the Martinsen's Ph.D. dissertation 
(102). The specific schedules are found in Table 6. Some of 
the borate melts was casted into two molds; one for annealing 
and one for quenching. The. silicate glasses were quenched 
by cold water to obtain enough cracks of glasses (but not too 
muchj so that the pieces of the glasses could come out by 
tapping the crucibles. 
Before being cast or quenched, each glass sample was 
weighted and the actual weights were always 2-5% smaller than 
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Figure 20. The melting, annealing, and transformation 
temperatures of sodium borate glass 
Melting temperature line (101) 
0 Annealing temperature (103) 
A Transformation temperature (103) 
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the calculated weights. 
The borate melts were poured on to a stainless steel 
plate, squeezed into the plates with a pure nickel rod, 
crushed, and stored in a desiccator until used. Some portion 
of each specimen was sent to the Chemical Analytical Labora­
tory, Engineering Research Institute, Iowa State University 
for chemical analysis. 
The molded samples (borates) were carefully ground on 
320-grit silicon carbide paper with water on a rotating disc 
and polished on a nylon lap with ignited alumina; during the 
final stages of polishing, mineral oil was used and care 
was taken to avoid moisture absorption. The silicate 
chunks were cut by a diamond saw to a proper size and ground 
and polished in the same way as for borates. The edges of 
the silicate chunks were slightly beveled. Polishing was 
continued until the samples were flat and all the scratches 
were reasonably removed . The thicknesses were then measured. 
The Ni-Cr and Pt-Rh resistance furnaces were used with 
the connections of a Variac and a West SCR Set Point Unit 
Temperature Controller (from Gulton Industries, Inc., Schiller 
Park, Illinois), respectively. 
For cleaning the platinum crucible after use, several 
different methods were tried. These included tapping the 
crucible using a small hammer, scrubbing with fine sand, 
and using an ultrasonic cleaner. The best way was still the 
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method by Ali and Li (104). Reagent grade KI was put into the 
crucible to which some amount of the glass had adherred and 
heated with a bunsen burner for 1-2 min., or until all the 
glass and KI were melted. Then, they were poured on a metal 
plate, and the hot crucible was quenched in cold water. The 
adherred glass was easily loosened, sometimes with a gentle 
tap on the crucible. The method was excellent for both 
borate and silicate melts, 
B. Apparatus, Instruments, and Technique for 
Absorption Spectroscopy 
1. Melting furnace and technique for temperature effect study 
Furnaces were positioned above a Beckman spectrophoto­
meter, Model DB Prism (from Beckman Instruments Co., Fuller-
ton, California), because there was no room to construct a 
high temperature furnace inside the sample compartment of the 
spectrophotometer. Nichrome resistance wires were used as 
heating elements. They were always insulated with ceramic 
beads. 
A fused silica sample container is schematically shown 
in Figure 21a. It was designed to hold two containers at 
the same time in one furnace. Glass specimen (i.e., the 
crushed pieces) were inserted in the fused silica containers 
before winding the nichrome wire. The optical path length 
was the preset gap of the two fused silica rods (about 7 mm 
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diameter). These rods are extended with a pair of flexible 
fiber optics light guides (12" long x 1/4" dia., from Edmund 
Scientific Co., Harrington, N.J.). The junctions of 
the rods and fiber optics light guides were supported by 
water cooled metal blocks. The other ends of the light guides 
were connected with two front surface 90° light reflecting 
mirrors which were exactly aligned on the spectrophotometer's 
light path. 
Temperatures of the furnace were automatically controlled 
with an L&N electronic set point controller (C.A.T. controller 
series 80 from Leeds and Northrup Co., Philadelphia, Pa.), 
and a L&N power supply (Zero Voltage Power Package #19 06). 
Two more thermocouples were located in each furnace; one was 
between the two fused silica containers and the other one was 
inside one of the containers. These thermocouples were con­
nected to the L&N Speedomax H recorder with a calibrated 
AZAR (Adjustable Zero, Adjustable Range) module. The thermo­
couple readings were frequently checked with a potentiometer 
(L&N Model 7 555 Type K-5) and a null detector system (L&N 
9834-1) . Cold junction compensation was always provided by 
an electronically controlled ice bath system (L&N Model 8435-
D4T). A Variac was frequently used before being connected to 
the automatic controller in order to reach high temperatures 
quickly. 
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A typical construction of the furnace is shown in Figure 
21b. These nichrome resistance wire furnaces were used only 
for borate glasses. Temperature for the first spectrophoto-
metric measurement was set at around 900°C and then the 
temperature was reduced for the next measurements. All of 
the thermocouples were Pt-Pt 10% Rh wires. 
For silicate glasses, the melting was carried out in an 
internally wound 50% Pt-40% Rh resistance furnace. A West 
SCR Set Point Unit controller was connected to the heating 
element to control the temperatures (the maximum; 1550°C). 
Glass samples in platinum crucibles were kept in alumina 
crucibles to avoid the possible accidental spill during the 
heating. The crucibles were raised up into the hot zone of 
the electrical furnace. After the appropriate melting period, 
the glass melts were pulled out. Both ends of the alumina 
tubing were sealed with rubber gaskets and running water-
cooled lids which were tightened with bolts and nuts. 
2. Spectrophotometric measurement and its modification for 
high temperature application 
A Beckman spectrophotometer (Model DB prism) was avail­
able for the measurements in the laboratory and was modified 
from the original "forward beam" to "reversed Beam" opera­
tion. The forward beam operation is designed for the light 
to pass through the monochromator, chopper, sample, and 
128 
I 
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Figure 21a. Configuration of a glass assembly 
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finally to the detector. The reversed beam mode is just the 
reverse direction of light travel, i.e., light traverses 
the sample first, then the chopper, and the monochromator 
before finally reaching the detector. 
Initial absorption measurements were done with the 
original forward beam mode operations. The problem with the 
forward beam operation was the significant emission of black 
body radiation from the sample and container at temperatures 
above 500°C. The photomultiplier detector tube actually 
sees all of the black body radiation at high temperatures, in 
addition to the monochromatized beam through the sample. 
The polychromatic radiation therefore heats the detector, 
resulting in an increased noise level and reduced resolu­
tion. The signal-to-noise ratio (S/N = monochromatized beam/ 
black body radiation) rapidly drops with temperatures above 
500°C. This gives difficulties in making quantitative meas­
urements. In fact not only does this Beckman model have a 
detector tube in such a position as to detect all of the black 
body radiation emitted by the heater in addition to the 
transmitted monochromatic beam, but also most of the com­
mercially available spectrophotometers are designed for such 
a forward beam mode. Several modifications of commercial 
spectrophotometers, such as the Gary 14 and the Beckman DU, 
have been previously reported, for high temperature absorption 
measurements (105-109). 
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The reversed beam operation reduces the noise level. 
The transmission of the chopped radiation intensity at about 
950°C over the room temperature reference beam was about 100% 
throughout the visible range up to 800 my. However at longer 
wavelengths, some absorption could be expected to be ob­
served. The present work was limited to 800 mji. 
Air was satisfactory as a reference and was used for all 
the measurements. No significant difference was noticed be­
tween air and a base glass containing no coloring ions (see 
Chapter V, Band Shape Analysis). Whenever the reflection 
losses were significant at the surfaces of the glasses, they 
were corrected by subtracting their value throughout the 
whole range of the spectrum. 
The output of the spectrophotometer was connected to a 
Beckman Laboratory potentiometric recorder (from Beckman 
Instruments Co.). An oscilloscope was used for fine adjust­
ments of the reference and sample pulses. The original 
photomultiplier tube was replaced by a red.sensitive tube 
R136 (from Beckman Instruments Co.). 
The spectrophotometric measurements were done up to 
950°C by exchanging the positions of the detector tube and 
the tungsten light bulb; the phototube was placed in the 
position normally occupied by the tungsten lamp. 
The resolution of an absorption spectrum at room tempera­
ture after being converted was rather better than that before. 
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Figure 21b. Furnace and light pass 
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Figure 22 shows the transmission spectra of a standard 
material for calibration, holmium oxide filter (from Beck-
man Instruments Co.), before (Figure 22a) and after (Figure 
22b) being converted. 
3. Technique for oxygen partial pressure effect study 
Galvanic cells were constructed with calcia-stabilized 
zirconia tubes (CSZ; 15 m/o CaO, 85 m/o Zr02; 5" long x 1/4" 
O.D. X 3/16" I.D., from Zirconium Corporation of America, 
Solon, Ohio) (Figure 23, 24) . The flat closed-end lower 
portion of the CSZ tube was dipped into the molten colored 
glass. The CSZ electrolyte was lowered into the melt after 
the pieces of glasses were all melted. The 6"-long CSZ tube 
was extended by a fused silica glass tube (about 15 cm long 
X 0.4 cm. O.D. X 0.2 cm I.D.) and glued together with epoxy 
cement. The glued area was cooled by a cold water carried 
in copper tubing (see Figure 21) . 
An inner platinum wire reference electrode was coiled 
on one end and pressed against the inside platinized bottom of the 
tube, the outer electrode was doubly or triply wound around 
the lower portion of the electrolyte tube and twisted tightly 
to secure it. Surface platinizing was done with a platinum 
paste (#6926 from I. A. Samuel and Company, Inc., New York, 
N.Y.). The temperature was measured with a Pt-Pt 10% Rh 
thermocouple in the CSZ tube. Later, extra heavy electrodes 
(b) 
TRANSMISSION {%) 
(a) 
TRANSMISSION {%) 
ACTUAL ALLOWANCE 
Figure 22. Transmission spectra of hoImiumoxide filter; (a) before being con­
verted ("forward beam" operation), and (b) after being converted 
("reverse beam" operation), references: air 
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(Pt 40% Rh) were connected to the CSZ to apply a D.C. po­
tential across the electrolyte. An initial attempt to deter­
mine PQ in the glass was not successful, mainly because the 
diffusion of oxygen was so slow that equilibrium in the glass 
was not achieved. 
It was necessary to develop a new method which would 
allow reuse of the expensive CSZ tubes, and to avoid direct 
contact with the molten glass being monitored. With the old 
method, the platinum coating on the outer surface of the CSZ 
tube peeled off in the glass and dissolved into the molten 
media (or at least reduced the transmission) . With a newly 
developed method (by Dr. John W. Patterson, Materials Science 
and Engineering, Iowa State University (110), there was no 
contact between the molten glass and the CSZ (Figure 24). 
However, the new method had a serious problem with this 
specific cell because of imperfect sealing between the two 
— 2 0  
chambers; i.e., especially when ' = 10 Atm., while 
^2 
P " = 0.21 Atm. The inside of the 6"-long CSZ tube was 
2 
open to the air while the other side was controlled by a 
mixture of gases, Ar-H^, or Ar-O^. 
All the gases used were purified. Ar was ultra pure 
grade 5 (minimum purity 99.999%), O2 was ultra pure grade 4 
(minimum purity 99.99%), and was ultra pure grade 5. These 
were purchased from Air Reduction Inc., New York, N.Y. The 
137 
partial pressure of oxygen was always checked with an oxygen 
partial pressure gauge, the Thermox meter (from Thermoj 
Lab Instruments, Inc., Pittsburgh, Pa.). 
The EI4F readings and the current measurements were 
made with a high-impedance microvolt-ohm meter (Keithley Model 
#153) and electrometer (Keithley Model 610B). Both are from 
Keithley Instruments, Inc., Cleveland, Ohio). The outputs of 
the readings were recorded on a potentiometer recorder 
(Honeywell Model Electronic 15 from Honeywell Company, Phila­
delphia, Pa.)c The experimental instrumentations are il­
lustrated in Figure 25. 
One-half length of the nichrome heating wire was wound 
in one direction while the other half was wound to the other 
direction to cancel out the magnetic field induced by the 
heating element. 
Due to the practical difficulty of reaching temperatures 
higher than 950°C with a nichrome wire, a separate high 
temperature furnace was built and used, mainly for the sili­
cate series. Melting was carried out with this high 
temperature furnace under oxidizing conditions (PQ = 1 Atm) 
— 2 2  ^  
and/or reducing conditions (PQ = 10 Atm.). 
mv 
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Figure 25. Block diagram of temperature controller, spectrophotometer, and 
gas flows 
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C. Apparatus and Techniques for the Measurement 
of Electromotive Force of H2O in 
a Calcia-Stabilized Zirconia Electrolyte 
A CSZ tube (24" long x 1" O.D.x 7/8" I.D. from Zirconia 
Corporation of America, Solon, Ohio) was used to study the 
possible electrochemical transport of hydroxy1 ions at 
three different temperatures, 804, 924, and 994°C. The 
experimental cell assembly is shown schematically in Figure 
26. Both sides of the closed end of CSZ tube were platinized 
with platinum paste. The two electrodes were held tightly 
against the platinized closed end surfaces. 
The EMF measurements of the cell were carried out with 
an electrometer (Keithley Model 510B from Keithley Instruments, 
Inc., Cleveland, Ohio). The outputs of the readings were 
recorded on a recorder (L&N Speedomax H from Leeds and 
Northrup Co., Philadelphia, Pa.). The temperatures at both 
sides were measured with pairs of Pt-Pt 10% Rh thermocouples 
and a potentiometer (L&N Model 7555 Type K-5). For the 
initial measurements of temperature gradients the gas flow 
rates were deliberately varied. The air controlling device 
which was used for the initial measurements of temperature 
gradients and for the electrochemical measurements of OH ions 
is shown in Figure 27. 
An electrical potential due to the nonisothermal 
condition of a cell is defined as a thermal EMF (111), and 
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Figure 26. Arrangement used for measuring E.M.F. of OH ions 
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Figure 27. Schematic view of air controlling devices 
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with two different temperatures T ' and T" this thermal 
EMF is expressed as 
T" 
KdT (41) ^t = 
T 
or 
= K (T"-T') + a (42) 
where < is the coefficient of thermal EMF in mv/°K (111) 
and a will be the empirical constant which is the electrical 
energy term due to the nonidentical nature of the two pairs 
of thermocouples. 
The E^ was calculated on the basis of the experimentally 
measured total EMF 
E^ = E^-E (Og) (43) 
where E(O^) is defined as the calculated correction EMF of 
0^ (E(O2) is described in Appendix C). 
After E^ was established, the system was used to study 
the transport of OH ions. As shown in Figure 27, an air 
flow was supplied by an air pump for the outside of the CSZ 
(Pq , Pg q) through a cold trap (using dry ice) and 'drierite'; 
and for the inside of the CSZ (P" , P" ^) through a water 
92 ^2° 
bubbler (containing glass beads). With the continuous 
controlled temperatures of water vapors in equilibrium with 
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a dry ice bath (P^ ^ (T') = 7 x 10 ^ nun Hg at -9 0°C) and a cold 
water bubbler (P^ ^fT") = = 17.5 mm Hg at ^  20°C), the ratios 
of the two partial, vapor pressures are calculated as 
0.209(B.P.) + AP - p'H.O 
- (44) 
P'o 0.209 (B.P.) 
2 
and 
^ ^  (45, 
7x10 
where B.P. is the barometric pressure which measured at that 
time of the experiment, and AP is the pressure difference 
due to the different flow rate. 
The measured total EMF, E^, including the EMF of possible 
water, 
E„ = E(0_) + E. + E(H_0) . (46) 
M 2 t 2 
The E(H20) is also described in Appendix C, 
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V. METHOD OF ANALYSIS 
A. Calculation of Molar Absorptivities 
On the basis of the definition of molar absorptivity. 
Equation (1), and the chemical analyses of the glasses, 
the molar absorptivities of all the metal ions were calcu­
lated. The densities of the glasses used for the calcula­
tions were from Figures 28, 29, 30 and 31 (103, 112-
116) . The calculated molar absorptivities are found in 
Table 5. Because the existing temperature dependence 
density data were at elevated temperatures, the low tempera­
ture data was interpolated on the basis of the high tempera­
ture and the room temperature data. Very few of the calcu­
lations was carried out on the batch compositions as shown 
in Table 5. 
If a transition metal ion showed more than one oxidation 
state in a sample, the calculation was done for the ions 
showing the highest intensities, regardless of the concen­
tration of the metal ions. 
B. Band Shape Analysis 
After replotting the absorption bands from the trans­
mission vs. wavelength to the molar absorptivity vs. wave-
number with a computer, the deconvolutions of the spectra in 
the present work were done with another computer program 
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Figure 28. Density of sodium borate glasses at 25°C 
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Figure 30. Density of sodium borate glasses as a function of temperature 
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(an iterative least square method), which originally de­
veloped in the Department of Biochemistry and Biophysics, 
Iowa State University (117, 118). In early days, in­
cluding the 60's, most of the deconvolutions were done 
with an analog method (e.g., the DuPont curve analyzer) 
(27, 33, 37, 46, 52, 53, 56, 57, 59, 66, 71, 72, 74, 75, 85, 
86, 87). More recently the weighted least squares minimi­
zation method with a digital computer has come into use 
(117) . 
The convenient computer programs were able to provide 
the new plotting not only one curve per page, but also 
several curves per page so that a systematic qualitative 
analysis was possible. The data points collected in the 
intervals of 10 my from 310 to 800 my were replotted in the 
intervals of 0.2 kK (IK = 1 cm ^ where K is Kayser) from 
12.60 kK to 32.00 kK. 
Since the four fiber optics light guides showed some 
absorption, and the absorptions varied from one arrangement 
to another, the absorptions of the fiber optics were sub­
tracted from the total absorptions (Figure 32a). As shown in 
Figure 34a, the transmission of the fiber optics was very 
poor at lower wavelengths- The curves below about 4 20 my 
were not reliable. The absorptions of the fiber optics 
(the base lines) were frequently measured because a slight 
Figure 32a. Transmission comparison measured with the reference of air and 
of a blank glass against a sodium borate (NagO.SB^Og) containing 
Co2+ ions. The bottom line is the absorption of a blank glass 
against air reference 
Figure 32b. A typical base line of a fiber optics light guide 
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change of the orientation could cause a change in the ab­
sorption . 
Instead of using the parent glasses (containing no metal 
ions) for references, air was used because no significant 
difference between air and parent glass references were 
found as revealed in Figure 32b. The deviation below 4 20 my 
looks significant. However, the data below 420 my was not 
used for band analysis. No variations of absorption of 
parent glasses were observed for any of the different compo­
sitions or melting conditions (26). No platinum contamina­
tion from the crucibles was noticed on the parent glass 
spectra. 
Explanation justifying the Gaussian approximation was 
not really clear in the literature, although the approxi­
mation was often used for deconvolution of spectra. The 
basic component shapes of the envelopes were always assumed 
to be Gaussian in the literature. Even though Jorgensen's 
approximation of a Gaussian error curve was reported to be 
reasonably accurate, one can find that all of the component 
bands presented in his paper (119) were slightly skewed 
towards high wavenumbers, especially at the bottoms of the 
bands. Jorgensen found that a skewed band approach gave a 
better fit. The skewed approach was extensively studied by 
the Department of Biochemistry and Biophysics, Iowa State 
University, and they found the new method was always 
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superior. Since there is no theory which requires that a 
basic absorption band must have Gaussian shape (symmetrical), 
not skewed at all, the new approach was used for the present 
work. 
The function for an absorption band developed in the 
Department of Biochemistry and Biophysics, Iowa State Uni­
versity is called the "log-normal distribution function" 
and appears to fit the data very well for the transition 
metal ions' spectra of glass system. Figure 33 gives a 
typical spectrum of a sodium borate glass containing small 
amounts of cobalt at high temperature. Since finding a 
proper analytical expression is all important, several 
preliminary tests were performed before accepting the log-
normal function. 
The log-normal distribution function used in this dis­
sertation has the same form as that developed by the 
Department of Biophysics and Biochemistry, Iowa State 
University. 
e ( v )  =  £  
max 
/V—V . . 2 . _ 
V > V (47) 
e ( v )  =  0 ;  V  <  V  
max 
(48) 
Figure 33. A typical absorption spectrum which shows three 
component bands; X are the experimental data 
points and the solid line along the x data 
points are the log normal curve fitted line 
(the band position is v and the peak absorption 
£ .W is the width at e /2 and the skewness 
max max 
p is the ratio of the segments b/a. The dif­
ference between the experimental points and the 
corresponding points on the fitted curve are 
plotted as a difference in kK at the top of 
the spectrum) 
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where is the molar absorptivity at the peak maximum, 
V is the position at e , W is the band width measured 
max max 
at e /2 (W = V -V ; V and v are the positions at the 
max V r V r 
right and left hand sides on Figure 33), and p is the 
skewness (p = b/a; a and b are the segments at half-width 
as indicated in Figure 32)(120). The second computer pro­
gram (Appendix B) evaluates these four band parameters and 
also computes the area of each band (117, 120, 121). An 
important feature of the computer program is the option of 
fixing the preselected band parameters. Preselection of 
the parameters was done by hand from a carefully plotted 
spectrum by drawing an inclined line at the high energy side 
of the band- The area under a curve is 
2 
= a G W (liter/mole-cm ) (49) 
s max 
2 
where a^ is Smakula's constant (a^ = /ïîrlp/p -1] (In p) / 
/21n2 exp[(ln p)^/4 ln2]) and ranges from 1.06 for p=1.0 
to 1.09 for p=1.5 (120). 
All of the computations were performed at the Iowa 
State Computation Center on IBM 360/65 and 37 0/158 computers. 
Programs written in Fortran IV are found in Appendix B. 
The iterative least squares method provides the precise 
V , e , W, and p. Furthermore, it minimizes the possible 
max' max' 
errors, which may mistakenly come from the composing of 
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Gaussian bands, and the possible introductions of excessive 
nonexisting electronic transitions. More information con­
cerning the log-normal distribution function may be obtained 
from the paper by Siano and Metzler (120) or from Dr. 
Metzler in the Department of Biochemistry and Biophysics, 
Iowa State University. 
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VI. RESULTS AND DISCUSSIONS 
A. Preliminary Study of Hydroxyl Ions in 
Calcia-Stabilized Zirconia 
Because calcia-stabilized zirconia electrolytes were 
used to control the oxygen partial pressure of the glass 
melts, it was necessary to measure the EMF's due to ions 
other than oxygen before utilizing the electrolyte to control 
the oxygen partial pressures. Under the assumption that 
hydroxyIs are mobile in a solid electrolyte, the EMF's due 
to hydroxyl ions and the transference number of the ion 
were measured. 
This hypothesis seems reasonable for calcia-stabilized 
zirconia. Oxygen ions are mobile in ceramic oxide electro­
lyte at high temperatures (122) . The hydroxyl ions may 
possibly transport by 
4e' + H^O + Og ^ OHQ + OHj_' + 0 (50) 
where Kroger-Vink notation is Tased. 
The theory part of this preliminary work is found in 
Appendix C. With the calculated values in Equation 25 in 
Appendix C along with the measured values and under the 
condition of P„ ^=2^ -0, the thermal EMF coefficient (<) , 
^2° ®2 
was obtained from the slope of a plot {E^-[E^(02) + (E^ (O2) ] } 
vs. -(T"-T') . Figure 34 shows the plot at three different 
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-5.50, 
-7.99 
-10.39 
LU -12.79 
-15.18 
21.00 15.46 18.23 9.92 12.69 
- [T "  -  T ' ] ( °K )  
Figure 34. The EMF, [(E^-(E^+E^) ] (mv) vs.- [T"-T') 
(see Appendix C for the definitions of E^ and E^) 
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temperature, approximately, 80 0, 9 25, and 99 0°C. The k 
seemed to be fairly independent on the temperatures as 
previously reported by Ruka, et al. (.123), The averaged 
ic value from Figure 34 is 0.869 inv/°K (Table 7) . 
Table 7. Thermal EMF coefficient of some solid electrolyte 
Electrolyte Temp. (°C) K (mv/°K) References 
xCa0-yZr02 873-1473 0.045 Goto et al. (Ill) 
1123-1473 0.050 
0.15 Ca00.85Zr02 1273 0.450 Ruka et al. (123) 
0.12 Ca00.8 8Zr02 960-1310 0.460 Fischer (124) 
0.09 Y 0 O.giZrOg 0.492 
0.15 CaOO.SSZrO 1073-1263 0 .869 Present work 
The (t^g'-ty^) was computed at several different high 
temperatures as shown in Table 8. The transference number 
of h"^ ion was found to be zero at lower P of a thoria-based 
^2 
solid electrolyte by Shores and Rapp (125). 
It is concluded that a calcia-stabilized zirconia 
electrolyte can be used as a sole 0" ion conductor in molten 
glass which might contain some water. 
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Table 8. [tQg'-tg+] of a CSZ 
Temp. (°K) « _ tjj+] 
1,068 1.77 X 10"^ 
1,079 1.60 X 10-3 
1,084 1.49 X 10-3 
1,198 0.92 X 10-3 
1,197 0.96 X 10-3 
1,196 0.95 X 10-3 
1,272 1.35 X 10-3 
1,266 1.38 X 10-3 
1,262 1.62 X 10-3 
1,267 1.54 X 10-3 
B. Shape of Absorption Band Spectra 
As shown in Figure 32, the absorption bands were re­
solved into the minimum number of component bands. The 
log-normal distribution function. Equation (47) was used to 
deconvolute the composite bands and the function was 
extremely well fitted to the bands. Some of the computer-
plotted bands are presented in Figure 35. Table 9 reveals 
the band parameters for resolved absorption spectra along 
with the assigned electronic transitions. These are the 
Figure 35. The resolved spectra of sodium borate glasses 
containing some transition metal ions. These 
are showing the comparison of the experimental 
points (x-line) with sum of the log-normals 
(solid line) and the individual log-normals. 
The difference of the fitted sum of the log 
normals and the X-lines expressed at the tops 
of the spectra 
(a) SSNagO-eSBgO -Mn at 25°C and 0.21 ATM. 
(b) INagO-998,03 -CO 2+ at 25°C and 0 .21 ATM. 
(c) 7Na20-93B2O2 at 370°C and 0.21 ATM. 
(d) 7Na20-93B2O2 -Co2+ at 482°C and 0.21 ATM. 
(e) 28Na O-72B2O2-C02+ at 774°C and 0.21 ATM. 
(f) 33Na O-67B2O2-C02+ at 858°C and 0.21 ATM. 
Ml.AR fiSSOflPTIVfTT 
52.CO WO.00 3.00 
MILAR flBS^aPTIVITr 
E9T 
MM.  
58 
19,00 26.00 29.00 
(c) 
Figure 35 (Continued) 
THWI-SSOZ-n-Cffte*' 
m •r ,  n . z i  n iH .  
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(d) 
77* "C,0.2I miw, 
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Figure 35 (Continued) (e) 
9SI'M«*B162n-C0t2*l 
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computer-adjusted final values. Assigning the electronic 
transitions to those bands which computer deconvoluted were 
done mostly by comparing the previous literature (Table 
4). The band energies in Table 9 are believed to be very 
accurate compared to those in the literature. Most of the 
analysis is within the 3% error range. 
The absorption bands of the transition metal ions in 
borate and silicate systems are again very broad as expected. 
Half band widths W are shown in Figure 36 as a function of 
temperature. The first two band-widths seem to be fairly 
independent of temperature, while the third band is clearly 
temperature dependent. However there is some similarity in 
the half bands width when it plots as a function of tempera­
ture (Figure 36) and as a function of composition (Figure 47). 
The half band width of the first band in the spectrum has a 
positive slope when it is plotted against composition, while 
as a function of temperature it is nearly parallel to the x-
axis (although some of the half-band widths in Figure 
36a show positive slope). The band width'of the second 
band in the spectrum shows a negative slope when it plots 
against composition (Figure 47). However, the band widths 
in Figure 36b are not always decreased as temperature is 
increased. The band widths of the third band shows positive 
slopes in Figure 36c, while the slope is fairly positive in 
Table 9. Band parameters for resolved absorption spectra 
No. Composition 
max max 
1 SNa^O-gSBgOg-Mn 3+ 25 0 . 2 1  16.9310 
20.0425 
24.2123 
1.8743 
6.6589 
5.5325 
2 15Na20-85B20^-Mn 3+ 
5 35Na20-65B202-Mn 
3+ 
16.4346 2.5428 
20.0801 12.4291 
23.9322 6.9267 
18.0976 25.7045 
20.7098 45.9000 
22.9200 29.4216 
51 6Na20-94B202-Ni 
2+ 
13.1900 
15.0752 
19.2131 
21.9272 
3.1678 
1.0760 
0.3905 
2.9867 
24.4484 12.3439 
52 15Na20-85B20g-Ni 
2+ 
13.3800 
14.6963 
18.9749 
21.9604 
4.6096 
0.1213 
1.3281 
4.4909 
24.5578 13.8749 
W p Area Band Assignment 
4.1464 1.0488 8.2762 
4.9782 1.0529 35.3042 
3.8161 1.0000 22.4736 
4.1058 0.9431 11.1204 
5.2660 1.1335 69.8833 
3.8642 1.0371 28.4989 
5.0675 0.8516 139.3486 
4.1176 1,0000 201.1809 
3.4838 0.9960 109.1068 
2.6379 1.0024 8.8967 
1.6373 1.0000 1.8753 
1.5241 1.1760 0,6368 
3.0989 1.0000 9.8520 
3.2276 1.0000 42.4095 
4.8508 1.0316 23.8063 
0.5045 1.0503 0.0652 
2.4946 1.000 3.5266 
2.9258 1.000 13.9863 
2.9749 1.000 43.9369 
Jahn-Teller 
(D)->-^T„ (D) 
5 9 3 2g 
E (DX+^E (H) g g 
Jahn Teller 
^E (D)->-^T (D) 
5 " 3 " E (D)->- E (H) g g 
Jahn-Teller 
E^ (D)->^ T„ (D) 
5 9 3 2g 
E (D)->- E (H) g g 
3%'": 
T (P)->- T (P) 
3 3 T^(P)-»- Tj^(P) 
Tj^(F)-> Tj^(P) 
(F)-^ T^ (P) 
Table 9 (Continued) 
No. Composition 
53 ZISNa^O-ySBgOj-Ni^* 
54 35Na20-65B202-Ni^ * 
2+ 106 INagO-gSBgOj-Co 
108 VNagO-gSBgOg-Co^^ 
109 
110 
111 
&.) \ax 
25 0.21 13.1166 
15.4935 
19.8187 
23.3800 
12.4771 
15.9538 
18.6912 
22.4000 
911 
742 
605 
13.2806 
17.8324 
20.5314 
16.3378 
18.0211 
20.4915 
14.8300 
16.4564 
20.2292 
15.0000 
17.0637 
20.3547 
15.2653 
17.2500 
19.7565 
e W 
max 
P Area Band Assignment 
2.9775 2.3553 1. 0480 7. 4683 
S '  
0.5161 2.2008 1. 1417 1. ,2132 
6.7847 4.2830 1. ,0000 30. ,9322 T^ (I 
20.1984 4.0887 1. ,0000 87. ,9084 3 
7.2457 2.6648 1.000 20, ,5536 
9.9334 2.2610 2 .9330 23 , .9292 
22.3452 3.2870 1, .0926 78, .3027 
41.2031 3.9355 1 .0928 172 .8730 
0.0760 1.3494 1 .0000 0 .1092 
15.4964 3.0392 1 .0000 50 .1329 4 
8.5890 2.8375 1 .1749 26 .0729 
3.9415 1.5561 0 .7846 6 .6038 
16,0332 2.5601 1 .1790 43 .9257 
7.9273 3.091 1 .5348 27 .0340 
29.7757 1.8977 1 .0000 60 .1494 
19.1893 2.2332 1 .0803 45.6098 
15.8744 4.4704 1 .0000 75 .5400 
24.9122 2.1954 1 .0800 58 .2843 
16.0043 2.3062 1 .2620 39 ,7037 
12.8669 3.8668 1 .0655 53 .0028 
18.0371 2.5126 1 .3520 49 ,1996 
13.0210 2.1501 1 .0228 29 .8044 
14.9777 4.0721 1 .0665 64 .9747 
ig 
ig 
ig 
ig 
29 
'ig' 
H 
a\ 
CO 
Table 9 (Continued) 
No. Composition V 
max max 
W Area Band Assignment 
112 
113 
7Na20-93B202-Co 
2 + 482 0.21 15.9855 9.9682 2.5015 1.080 26.5740 
17.6969 9.3921 2,2968 1.1861 23.0930 
20.1096 10.9957 3.8785 1.0273 45.4025 
370 " 16.0129 4.Wo74 1.8748 1.1250 9.8198 
17.7508 11.8681 2.5260 1.1951 32.1093 
20.3970 7.4913 3.3681 1.1941 27.0179 
114 201 
117 15NagO-85BgO -^Co '^^  900 
16.5948 5.0922 1.9522 0.9082 10.6009 
18.2318 11.7158 2.4130 1.0554 30.1096 
20.6000 7.8827 3.1051 1.2984 26.4019 
14.9300 29.5633 1.9290 0.9909 60.7053 
16.6902 17.9438 1.7801 1.1160 34.0802 
19.6900 14.7467 4.6639 1.0000 73.2114 
15.1300 26.0797 2.0428 1.0000 56.7100 
16.9355 16.5821 2.0141 1.3182 36.0823 
20.0809 14.7551 4.0372 1.0000 63.4094 
648 15.2900 19.6524 2.1730 1.0893 45.5227 
17.2455 13.1272 2.0128 1.1009 28.1768 
19.9640 13.7228 3.7408 1.0000 54.6435 
555 15.5100 11.0042 2.0602 0.9810 24.1335 
17.3615 10.0502 2.0861 1.0000 22.3175 
19.8778 12,5123 4.4147 1.0000 58.7989 
475 15.7500 4.8808 2.1898 1.0803 11.3874 
17.5569 8.5348 2.3734 1.0100 21.5633 
20.0721 8.2218 3.7313 1.1887 32.8457 
Table 9 (Continued) 
No. Composition 
max 
W Area Band Assignment 
116 ISNagO-BSBgOg-Co^  ^ 25 
123 28Na20-72B202- Co 
2+ 
0.21 15.9500 
17.7100 
20.0800 
3.6135 1.8126 1.0109 6.9726 
9.4337 2.4267 1.0977 24.4096 
8.8531 4.1096 1.0507 38.7469 
15.8177 42.0127 2.1591 1.2717 97.6489 
17.6076 34.0051 1.7993 1.0606 65.1731 
20.0000 32.9248 3.3585 1.4569 120.9987 
859 14.9957 71.8217 2.0592 1.1497 158.0205 
16.8582 54.0055 2.1448 1.1791 123.0495 
19.8200 41.7220 3.5400 1.3595 160.1293 
125 774 15.2110 75,0064 2.1817 1.1146 174.5860 
16.9043 34.1980 1.6189 1.1662 59.2038 
19.6500 44.6429 4.4337 1.0000 210.6953 
126 626 15.3454 67.0381 2.2600 1.1937 162.2564 
17.1935 32.9853 1.8100 1.0328 63.5668 
19.9419 41.0851 3.8501 1.0111 168.3851 
128 601 
130 33Na_0-67B20 -Co^ * 25 
15.5497 47.3281 2.0661 1.0000 93.0942 
17.3022 28.4427 1.7880 1.0000 54.16.14 
19.8000 33.3350 4.2907 1.0000 152.2529 
15.7993 104.0094 2.0222 
17.1298 56,5034 1.2824 
19.0000 78.0000 2.9205 
1.2133 225.5193 
0.9702 77.1438 
1.3031 245.8105 
131 15.0073 56.2169 2.2410 
16.6311 27.9982 1.4028 
19.0000 43.9788 4.3413 
1.2263 135.1892 
0.9257 41.7556 
1.1204 203.7413 
Table 9 (Continued) 
No. Composition (2.) "max max • W Area Band Assignment 
132 33Na20-67B20^ -Co 
2+ 
133 SSNa^ O-GTBgO^ -Co 
2+ 
773 , 0.21 15.0950 70.9922 2.1330 1.1940 162.1714 
16.6769 38.3100 1.3992 0.8763 57.2509 
18.9000 53.7310 3.8162 1.2313 220.1095 
686 " 15.1286 77.0151 2.0910 1.2647 173.2630 
16.6455 41.0026 1.5453 0.9586 67.4706 
19.0000 55.6003 3.8839 1.2294 231.9788 
134 
135 33Na 0-67B Og-Co 
137 
2+ 
628 
501 
292 
15.1584 
16.6631 
18.9000 
15.2544 
16.7446 
79.9937 
41.0003 
57.7677 
81.0001 
42.5015 
1 8.9000 59.5859 
15.3853 86.0026 
16.8355 46,4775 
19.0000 62.9878 
1.9427 1.1827 166.3325 
1.4688 1.0000 64.1044 
4.0027 1.0817 246.4258 
1.8985 1.2001 164.7536 
1.4701 1.0386 66.5269 
3.8130 1.1029 242.2971 
1.8410 1.2253 169.9031 
1.4857 1.1244 73,7316 
3.3872 1.1005 227.5061 
H 
-J 
Figure 36. The half-band width as a function of tempera­
ture for cobalt (II) ions in borates 
(a) 
(b) \g(F)^\g(F) 
(O) 
o VNagO-gSBgOj 
• ISNagO-SSBgOg 
• ZSNagO-TZBgOg 
O SSNa^O—GVBgOg 
.About averaged values 
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Figure 47. All of the lines were found by a least square 
linear regression analysis except the first two heavy lines 
as shown in Figures 3 6a and 3 6b. It is tentatively be­
lieved that all of the half band width in this presenta­
tion appeared to be randomly distributed over the tempera­
ture range. The mean values of the first two band widths 
- 1 4  4  
are very close; 2,064 cm for AgtF)^ T^(P) and 1,936 
-1 4 4 
cm for T^g^ A^^fF). The mean for the third band is 
3,847 cm ^. 
From the energy level diagram of the 3d^ system, the 
slope difference between ^ (eg) ^ and 
'^A2g (F) ( t^g) ^ (eg) ^ will be found as 
^Tlg(F) (51) 
= [-4(3)+6(4)]-[-4(5)+6(2)] = 20. 
4 4 3 
Similarly the slope difference between T^gfPjftgg) (eg) 
and the same ground state ^A2g(F) is 10. For the 
^AgX?) (t2g)^(eg)3^^T^(p)(t2g)^(eg)5 the difference is 20. 
However, the actual half band widths for the transition 
^Tig (F)-^-'^Tig (P) show much broader than the theoretical 
expectation (only the relative half widths are available) 
as shown in Figure 35. This may be explained as due to other 
factors which may serve to remove the degeneracy of the 
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'^Tig (P) terms and thereby produce broad bands. Paul and 
Douglas (78) ascribed the shoulder at around 500 mp (20,000 
— 1 
cm ) as a consequence of spin-orbit coupling in the 
4 T^g,(P) state. It is believed that the highly broad band 
^'^Ig (^) (P) the borates containing Co ^ ions is 
due to spin-orbit coupling. The statement that the greater 
the slope difference, the broader the band should be, in 
the section of literature review in this dissertation, 
is a very simplified statement which neglects the other 
factors causing broadening of the bands; they are spin-
orbit coupling, Jahn-Teller distortion, or inhomogeneity 
of environment in glass. In this work, it is not possible 
to describe which factor actually caused the broader 
band. 
The shapes of the absorption spectral bands of the 
glasses do not exactly follow normal distribution functions, 
i.e., Gaussian error curves, although all of the bands 
in the glass literature were approximated with a Gaussian 
function. The experimental distribution function is usually 
positively skewed to the higher energies. The values of 
skewness are plotted as a function of temperature in Figure 
37. The skewness is much greater at the bottom of the band 
as seen in Figure 35. The data points in Figure 37 are 
apparently distributed all over the temperature range 
except the third bands' skewness. However, if the two 
Figure 37. The skewness of the bands as a function of 
temperature glass compositions 
(a) ^A2(F)-•'^T^(P) 
(b) 4Tig(F).4A2g(F) 
(c) 4Tig(F).4Tig(P) 
7Na^O-93B^O^-Co^'^ 
15Na_0-85B_0?-Co2+ 
_ 2 z j 
28Na^0-72B^0^-Co2+ 
— z 2 o 
33Na^0-67B^0^-Co2+ 
— 2 2 J 
(The lines represent the best fits by the 
least squares regression.) 
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points above 1.4 are neglected, it is again very much 
randomly distributed. With an assumption of temperature-
and composition-independency, a mean value of skewness 
was found for each band as 1.122 for the first band (Figure 
37a), 1.089 for the second band (Figure 37b), and 1.137 
for the third band (Figure 37c). 
The shapes of absorption bands along with the relative 
intensities of bands are conveniently determined by the 
Franck-Condon principle (126, 127). when a molecule is 
considered in this explanation, the vibrational motions 
of the nuclei are slower than the electrons. During this 
motion the nuclei do not alter appreciably their relative 
positions. The Franck-Condon principle states that be­
cause of the small mass of the electrons as compared with 
that of the nuclei no significant change in the posi­
tions and velocity of the heavy nuclei occurs during the 
time of the electronic transition. At low temperature (room 
temperature) , most molecules are in the lowest energy states 
of at least the most energetic of the various vibrational 
modes of the molecules and the most probable transitions 
occur from the lowest vibrational states of the ground 
electronic states. If the equilibrium internuclear 
separations in the ground state and in the first excited 
state coincide when the potential energy curves (the ground 
180 
and the first excited states) are plotted against inter-
nuclear distance, the expected most intense transition 
will be the 0-^0 or the 1->1 (in case the first excited 
vibrational level is already occupied at room temperature). 
The resultant absorption for 0-^0 will be the most intense 
absorption line. If, on the other hand, the potential 
curves do not have, as indicated in Figure 38, the same 
minima at approximately the same positions of rCrQ^r^), then 
transitions to a large number of vibrational levels of .the 
excited electronic state take place. The resultant absorp­
tions will be the sharpest (most intense) 0->-4 transition, 
the next sharp O-i-3 transition, 0^2, 0->-l, and 0->-0. To the 
other direction, the intensity will be again gradually 
weaker but will be very skewed as shown in Figure 38. . 
Therefore, absorption bands are expected to be skewed 
to higher energies as mostly revealed in the present study. 
C. Effect of Composition 
1. Manganese ions 
Sodium borate glasses containing manganese ions showed 
a brown hue which is believed to be due to the presence of 
Mn^^ ions in their octahedral environment of oxygens. 
The chemical analysis of the samples shows the predominant 
presence of Mn^"*" ions (see Table 5) . However, it is known 
2+ 5 that in theory Mn (3d ) is colorless no matter what the 
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Figure 38. The transitions between potential energy curves 
for an electronically excited and ground 
diatomic molecule (128) 
182 
3+ 4 
concentration of ion is and Mn {3d ) is therefore, 
responsible for the color. In fact, about 5 ppm of the 
coloring ion showed significant color in glass (25). 
In this study, about 0.009 weight % of Mn^^ is responsible 
— 1 
for the strong absorption at about 21,000 cm . Figure 
39a shows the absorptions as a function of composition. 
The molar absorptivities of the manganese ions are calcu­
lated from the sum of the concentrations of Mn^^ and Mn^"*" 
which are found by chemical analysis. The contribution by 
2+ Mn ions to the e is of course very small, less than 0.3 
liter/mole.cm (59) . Figure 39b shows the spectra of Mn^"*" 
ions in borate glasses which were measured at a high 
temperature (860°C). However, all the bands are heavily 
overlapped with the tails of the charge transfer bands (most 
probably OH bands) which shifts into the visible region 
at high temperature. In all cases, the molar absorptivity 
of Mn^^ increases and the band becomes bigger. As shown in 
Table 9, the curves resolved into three component log-
normal distribution bands; a typical example is shown in 
Figure 35a. Because the literature showed only two sub-
bands with high Na^O content (59), only two component 
bands were first attempted, but the resolution was very 
poor. It is hard to understand why the third band 
Figure 39. Absorption spectra of transition metal ions as 
functions of glass compositions 
(a) Molar absorptivities of sodium borate glasses 
containing manganese ions which were meas­
ured at 25°C and 0.21 Atm. The bands present 
predominantly the electronic transition, 
(D)->^T„ (D) for Mn^"*". The shoulder is g 2g 
due to Jahn-Teller distortion. The vertical 
lines represent the band locations. 
(b) Molar absorptivities of sodium borate glasses 
containing manganese ions which were meas­
ured at 860°C and 0.21 Atm. 
(c) Molar absorptivities of sodium borate glasses 
containing Ni2+ ions which were measured at 
25°C and 0.21 Atm. The main intense band is 
3 3 for A- (F)-i- T, (P) . The two shoulders are 
ig 2 
due to the splitting of the band T, (F)^ 
3 —1 
T,(P). The band at around 12,000 cm is 
3 3 
ascribed as T^g(F). The very weak 
sub-band at around 14,500 cm ^ is the spin-
forbidden transition, ^A_ -^^E (D) . 2g g 
(d) Molar absorptivities of sodium borate glasses 
containing Co2+ ions which were measured at 
900®C and 0.21 Atm. The three bands are 
(F)^^A2g(F)' ^ nd '^T^g(F)-> 
'^Tig (P) from the left hand side. 
(e) Molar absorptivities of sodium borate glasses 
containing Co2+ ions which were measured at 
77 0°C and 0.21 Atm. 
(f) Molar absorptivities of sodium borate glasses 
containing Co2+ ions were measured at 500°C 
and 0.21 Atm. 
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Figure 39 (Continued) 
(g) Molar absorptivities of sodium borate glasses 
containing Co^"^ ions at 25°C and 0.21 Atm. 
(h) Molar absorptivities of sodium silicate 
glasses containing Co2+ ions at 25°C and 
0.21 Atm. 
(i) The tails of the very intense charge transfer 
bands of in sodium borate glasses which 
were measured at 25°C and 0.21 Atm. 
(j) The tails of the very intense charge transfer 
bands of v5+ in sodium borate glasses which 
were measured at 0.21 Atm. and after quenched. 
(k) Molar absorptivities of sodium borate glasses 
containing Co^"^ ions which were measured at 
0.21 Atm. and after quenched. 
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disappears in high alkali borate glass. The increase in £ 
with Na^O content can probably be explained by an increase 
in covalency of the metal-oxygen bands, an increase in the 
concentration ratio of , and a 
partial increase in d-p orbital mixing. Because the bands 
are not progressively shifted to lower energies, it is not 
believed to be due to the reduction in coordination number. 
The asymmetry of the band (i.e., the presence of one 
or two shoulders) can be explained on the basis of Jahn-
Teller theorem; the high spin octahedral Mn^^ showed a 
strong ground state Jahn-Teller distortion at around 
—1 -1 16,000 cm , showing a splitting of ~4,000 cm . The third 
band is assigned to a transition from a ground state quintet 
to a triplet excited state, i.e., (D)(H). The Mn is 
not expected to possess higher oxidation states than di-
or tri-valent in these glasses, and is octahedrally coordinated. 
The third band might include the mostly intense Mn^^ band 
(S)->^A, '"^E (G) . Unfortunately, it is impossible to ig Ig 9 
2+ detect the bands of Mn because their intensities are so 
low. 
2. Nickel ions 
2+ 
The spectra of Ni ions in sodium borate glasses are 
shown in Figure 39c. Sodium borate glass containing nickel 
ions shows a yellowish green color at lower soda and brown 
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2+ 
at higher soda content. When Ni is predominantly in 
octahedral symmetry the color is green. If some of the 
coordination is reduced to tetrahedral, then the color 
changes to brown. The assigned band energies are found in 
Table 10 and they are also listed in Table 9 with the 
parameters of f-number, e , W, and p. The change in 
rnHX 
color is believed as the change in coordination number of 
some of the nickel ions, but not as a change in oxidation 
state. The bands shifted to lower energies as Na^O in­
creased. This result is in agreement with the literature 
(26, 82, 84, 85) . Ni^"*" ions are not expected to be present 
in glass because of the high third ionization potential 
(26). As shown in Figure 39c and as noticed in Figure 39a 
for Mn^^ ions, the intensity increases most probably due 
to mixing of the Ni^"*" level with Ni^^4P. Ni^"*" 
ion preferentially coordinates octahedrally in complexes 
according to its high OCPE. The glasses in the study show 
2+ 
predominantly octahedrally coordinated Ni ions through­
out the NagO range of 5-35 mole %. The ratio of 
[Ni^"^' 9lassjy[m2+,glass] shown in Figure 40 for the 
major tetrahedral and octahedral bands in terms of f-number 
(O) and (O). These results are in accord with the large 
OSPE of nickel. Bate's assumption (2) of the relatively 
markedly clear cut change of coordination number with 
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Table 10. Results of octahedral and tetrahedral ligand field measure­
ments for Ni^ "*" ions 
No. ^29 
Tlq(P) E (D) 
_2 
T (FT» 
5 
T^(P) 
T (F)-} -L 
T^(P) 
fxlO 
51 
52 
53 
54 
0.3843 
1.0284 
0.3226 
0.8879 
0.0810 
0 .0028  
0.0524 
1.0337 
0.0275 
0.1524 
1.3363 
3.3827 
0.4256 
0.6042 
1.8321 
1.8981 
3.79764 
7.4681 
max 
(kK) 
51 
52 
53 
54 
13.1900 
13.3800 
13.1166 
12.4771 
15.0752 
14.6973 
15.4935 
15.9538 
19.2131 
18.9749 
19.8187 
18.6912 
21.9272 
21.9604 
24.4484 
24.5578 
23.3800 
22.4000 
E (liter/mole.cm) 
max 
51 
52 
53 
54 
3-1678 
4.6096 
2.9775 
7.2457 
1.0760 
0.1213 
0.5161 
9.9334 
0.3905 
1.3281 
6.7847 
22.3452 
2.9867 
4.4909 
12.3439 
13.8749 
20.1984 
41.2031 
W(kK) 
51 
52 
53 
54 
2.6379 
4.8508 
2.3553 
2.6648 
1.6373 
0.5045 
2.2008 
2.2610 
1.5241 
2.4946 
4.2830 
3.2870 
3.0989 
2.9258 
3.2276 
2.9749 
4.0887 
3.9355 
51 
52 
53 
54 
1.0024 
1.0316 
1.0480 
1.0000 
1.0000 
1.0503 
1.1417 
0.9330 
1.1760 
1.0000 
i.'oooo 
1.0926 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0928 
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Figure 40. The increase (%) of the major tetrahedral 
band at around 19,000 cm~^ ( (F)(p) ) 
over the major octahedral band at around 
24,000 cm~^ (^A2g(P)^^T^g(P)) as a function 
of soda content in borate glasses 
O: Increase in f 
• : Increase in 
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basicity may not be correct. In the previous literature 
many investigators believed that with a lower alkali content 
2+ 
Ni is predominantly coordinated with six oxygens in glass 
2+ 
and with a higher alkali content Ni is predominantly 
coordinated with four oxygens. Very few investigators, 
including Turner and Turner (83) , reported that the pre­
dominant coordination at higher Na^O content (33 mole %) 
in silicate glasses is still the octahedral, not the tetra-
hedral. 
In the sodium borate glasses with less than about 20 
mole % Na^O, the intensity and f-number are not markedly 
increased with increasing Na^O content as shown in Figure 
39c. However, with higher NagO content (35 mole %) both 
the intensity and the f-number appear to be increased 
markedly as shown in Figures 41 and 42; although Figure 41 
is less clear for the neck point of the curves (^^0 mole 
% Na^O). The circles, O, are from the present work; while 
the hexagons. Of are from the literature (82), 
With lower NagO content, the oxygens from Na^O are 
still bridged and contrapolarized by two boron atoms 
to form BO^ groups, but less strongly than the bridging 
oxygens in the BO^ groups. The optical absorptions are 
therefore less influenced by raising the Na^O contents. 
Figure 41. The total f-numbers between 360 and 800 mu in 
sodium borate glasses containing Ni2+ as a 
function of mole % Na20. This is compared with 
a plot of the total area vs. soda content which 
was found by Paul and Douglas (8 2) 
Q: This work 
0: Paul and Douglas (82) 
Figure 42. Molar absorptivity of Ni absorption in sodium 
borate glasses as a function of soda content 
0= 
• : ^T^(F)^^T^(P) 
Q: Paul and Douglas (82) 
^max 
ro 
o 
cn 
o 
I] 
tn 
ro 
cn 
CO 
cn 
TOTAL fxlO , 360-800 my 
AREA, 350-1300 mp 
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However, with higher NagO content, some of the oxygens 
from Na^O are not bridged and they are assumed to be 
responsible for the increase in the degree of covalent 
2+ bonding with the Ni. ions. The higher saturation point 
(about 20 mole % or possibly 30% NagO), may support the 
other reports for higher saturation limits (20, 21). The 
initial 16.0 mole % limit was reported by Biscoe and Warren 
(19) . 
In overall, the absorption spectral bands in this study 
are similar to spectral bands of the same glasses previously 
published. Many of the previous literature showed that the 
asymmetrical main band at around 22,000 cm along with one 
or two shoulders has been regarded as arising from a single 
3 3 transition, namely (F) T^g,(P), together with spin-
orbit coupling. However, the splitting at longer wave­
lengths seem to be too large for spin-orbit coupling, i.e., 
1000's instead of 100's. The band assignments for these 
shoulders were made on the basis of the Tanabe-Sugano diagrams 
and Berke and White's paper (85). 
3. Vanadium ions 
The borate glasses containing V^"*" ions are shown in 
Figures 39i (annealed sampled) and 39j (quenched samples). 
These spectra are essentially tails of the strong charge 
transfer bands and are very similar to Figure 11a. The glass 
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containing melted under oxidizing conditions is ex-
5+ 0 
pected to show the predominant V (3d ) ion and be color­
less. The tails apparently give very light greenish tints 
in the specimens. The shifting to higher energy with in­
creasing Na20 is believed as the result of the ratio increase 
in . It is also assumed that the in­
tensity is increased with higher NagO content, because of the 
increasing covalency in the V-0 bonding in glass. 
4. Cobalt ions 
The computer-assisted band analysis reveals three 
absorption bands in a spectrum; the first band is at 
^16,000 cm the next one is ~18,000 cm and the third 
^20,000 cm ^ (Table 9). They are assigned as 
^Tig (F)-»-'^A2g (F) , and (F) (P) , respectively. Bates 
(2), Bamford (26), or Juza et al. (77) assigned the third 
band as (F)-»-^E (G) or but it's intensity 
is too high for those quartet to doublet transitions. 
Cobalt ions are coordinated either octahedrally or 
tetrahedrally with surrounding oxygens in sodium borate 
and silicate glasses. Figure 35 shows the small tetrahedral 
band for the lower soda borate glass and the relatively 
large tetrahedral band for the higher soda borate glass. 
2+ The colors of Co ion at room temperature are purple for 
lower soda borate and blue for higher soda borate and silicate 
196 
glasses. The fractional change from octahedral sites to 
tetrahedral sites is shown in Figure 4 3 as plotting the 
ratio of f-numbers and as a function of Na^O content 
in mole %. 
The second band was used because this may be a 
purer electronic transition than the third. The third band 
may include other distortions as described in the previous 
sections of this chapter. In Figure 47 the half band 
width of the second band is reduced as the Na^O content 
is increased. This will cause smaller fractional changes 
instead of increasing the ratio. All of the plots of f-numbers 
and £ continuously increase as a function of Na_0 content. 
max 2 
However, about 50% of the ratio is noticed at around 19-20 
mole % of Na^O. 
Previous investigators assumed that the high intensity of 
the bands for higher alkali borate glasses is also a conse­
quence of the mixing of the 3d-orbitals with 4p-orbitals. 
Molecular vibrations cause some amount of mixing of the 3d 
and 4p orbitals which is accompanied by increasing intensity 
because of the increased polarizing action of the Co^"*" ions 
in glass. However, the explanation of the d-p orbital mixing 
is beyond the capability of ligand field theory. It is diffi­
cult to measure the amount of the changes by d-p orbital 
mixing from the sub-band. This amount of d-p mixing (usually 
197 
Na^O (mole %) 
Figure 43. The fractional ratio of [f ^^oct J 
f lW(te«/^max(oct.)' <•>/or tta^first band 
"A2 (F) (P) and the second T^g(F)-> AggCF) 
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very small) may not affect the study of the gradual change 
2+ 2+ 
of tetrahedral Co to octahedral Co' or vice versa {i.e., 
the equilibrium between Co and Co^"^'^^^^®) . 
From Figures 35, 44 and 45, it seems that the d-p mixing 
is greater for higher soda content; with a remarkable in­
crease at around 20 mole % of Na^O. The part of the increase 
— 1 
in intensity, particularly for the band at 20,000 cm may be 
also due to the vibrational distortions described in the 
previous section of this chapter. For glasses having less 
than about 20 mole % NagO there is little change in the opti-
2+ 
cal absorption (Figure 35). Similar to the Ni and possibly 
to the Mn^^ ion, the ion also shows that for the Na20 
content greater than ^20% the intensity of the band (in 
terms of and f-number) progressively increases (Figures 
44 and 45) . With the NagO content more than '^'20 mole % in 
borate glass, the glass structure becomes weaker due to the 
increasing B-0 bond length which is followed by the creation 
of nonbridging oxygen ions. Accordingly it requires less 
energy for the electronic transition, the result of reducing 
2+ 
the coordination number of the Co ions. On the other hand, 
reduction of coordination number at lower soda contents, below 
^20%, will be less affected by the addition of the NagO 
because the additional Na^O does not result in the formation 
of nonbridging oxygens. 
Figure 44. The f-numbers as functions of N3.2O contents in 
sodium borate glasses containing Co2+ ions 
O ; ^A2(F)->^T^(P) 
O ; \g(F)-^T^g(P) 
Figure 45. The molar absorptivities, e as functions of 
Na„0 contents in sodium borate glasses con­
taining Co ions 
O ; 
(liter/mole.cm) 
©-e 
(O 
o 
o 
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The critical concentration •^'20 mole % of Na^O agrees 
well with the results of Paul and Douglas (78) for their soda 
borate and Bhatty and Paul (79) for their thallium borate 
glasses. 
-1 The gradual increase of the band at 16,000 cm indi-
2+ 
cates the gradual shifting of the Co ions from octahedral 
2+ 
to tetrahedral symmetry, so a greater number of Co- ions 
are in the tetrahedral arrangement. 
Contrary to a previous publication (26) , the shift in the 
absorption band to shorter energy is not great (Figure 46). 
The gradual shifting of the composition dependent band 
energies are similar to that caused by temperature 
(Figure 53). The rate of the shifting is found to be about 
the same for all three bands in the spectrum. Only the first 
data point of the first band in the spectrum is off the 
general trend (Figure 46). With increasing NagO content the 
number of tetrahedrally coordinated Co^"*" ions is increased 
at the expense of the octahedrally coordinated Co^^ ions. 
Therefore, the ligand field strength is not gradually reduced 
2+ 
with basicity, although a gradual change was found for Ni 
ions. Table 11 shows the and along with the calculated 
B values for both octahedral and tetrahedral Co^^ ions. The 
Aq is not a function of Na^O content at all. The calcula­
tions of B(oct.) and A^ were done with Equations (11) and (12) 
using the experimental band energies. A^ was then calculated 
Figure 46. The maximum band energies as functions of Na20 
contents in sodium borate glasses containing 
Co2+ ions 
O 
0 — 
n — —— T^g(F)»^T^g(P) 
Figure 47. The half band widths as functions of Na20 
Co2+ ions 
0 ; 
• — ; ig 
• ; 4 
"^ig 
(F)-^^A2g(F) 
(F)-v^Tig(P) 
Figure 48. The skewness as functions of NagO contents in 
sodium borate glasses containing Co2+ ions 
O : 
• : 
O ; \g(F)-^T^g(P) 
w X 10 ^ ( cm ^ ) 
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Table 11. Ligand field parameters for Co^^.ion in sodium borate glass. A was 
calculated on the basis of A = £ A t y o 
No. Na^O/B^O^ B(oct.) (cm A^{cm A^(cm B(tet.) (cm 
106 1/99 896 9522 4232 355 
108 5/95 883 9598 4266 560 
116 15/85 863 9450 4191 543 
123 28/72 930 9780 4347 514 
130 33/67 878 9475 4211 530 
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on the basis of the theoretical model = g- B(tet.) was 
calculated from the calculated and the band energy for 
^A2 (F)(P) using Equation (15). 
Figure 4 7 shows the half band widths of the three bands 
in the spectrum. The width of the tetrahedral band is clear­
ly increased, while the first octahedral band shows de­
creasing width as Na20 content is increased. The trend for 
the second octahedral band is uncertain. It is not clear why 
the half band widths change so differently as a function of 
composition as shown in Figure 47. However, the change with 
temperature may be due to molecular vibrations along with 
other distortions. Since there is no center of symmetry 
in a tetrahedral arrangement, the tetrahedral bands will be 
readily affected by molecular vibrations causing the increase 
in the band width as NagO content is increased. In general, 
octahedral bands, especially for the pure electronic transi­
tions are expected to be less affected by d-p orbital mixing. 
The d and p orbitals can become mixed together where there is 
a molecular vibration. However, since the increase in the 
tetrahedral band is at the expense of the octahedral band in the 
course of molecular vibration, it is expected that the band 
width of the octahedral band should be reduced with increasing 
basicity of the glass. The reduction of the half band 
width of the second octahedral band is slower than that of 
206 
the first band because the second one is not a pure elec­
tronic transition. The skewness in Figure 48 seems to be 
fairly independent of the NagO content, although the first 
band skews relatively more than the other two bands. In the 
2+ 
case of Ni ions, the skewness was not strongly sensitive 
to the composition. 
The effectiveness of soda content on the absorption 
spectra was less for the silicate glasses (as shown in Figure 
39h) than for the borate glasses, because there is less 
structural change in sodium silicate glasses with higher al­
kali content (41). The B-0 band length will be considerably 
increased by adding more soda to borate glasses (19), 
while the Si-0 band length is less affected by addition 
of sodium oxide (92) .' 
D. Effect-of Oxygen Partial Pressure 
The V^"*" was easily reduced to V^"*" and V^"*" under the re­
ducing condition of the melting furnace. The color change is 
shown in Table 12 as a function of the oxygen partial pres­
sure. The melting was carried out in the atmosphere con­
trolled furnace for about 24 hours, except for the sample number 
83. When they were melted in air, the vanadium glasses were 
light greenish yellow color regardless of the NagO 
content.. The greenish yellow color is definitely due to the 
Table 12. Color changes as a function of oxygen partial pressure^ 
No. Identification P (Atm.) 
°2 
Color Responsible Oxidation State 
81 5BVAIR-A 0.21 Light greenish yellow 
83 5BVR-A 10-21 Blue 
86 15BVAIR-A 0.21 Light greenish yellow 
87 15BVR^-A lO"^ I I  I I  
88 ISBVRg-A icT^i Deep green 
90 25BVAIR-A 0.21 Light greenish yellow 
91 25BVR-A io~^i Deep green 
93 33BVAIR-A 0.21 Light greenish yellow 
94 33BVAIR-A 0.21 I I  I I  
^For the chemical analysis see Table 5. 
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band (charge transfer) which intrudes into the region 
as shown in Figure 4 9 and Figures G and H in Appendix E. The 
concentrations of vanadium ions are found in Table 5 and they 
are in good agreement with the spectral bands. In Figures A-
F in Appendix E, the spectra of manganese ions are pre­
sented as functions of Pq and temperature. They are plotted 
2 
as transmission {%) against wavelength (my). The figures 
show the reduction of the absorption as Pq is decreased as 
a result of the increasing the ratio of to 
. The very strong and sensitive charge transfer 
bands intrude into the visible region, but their tails are 
usually in the border line of visible and u.v. The color 
change due to the lower Pg^ was clear cut; from brown 
(Mn^*) to colorless (Mn^"^) . 
E. Effect of Temperature 
In many ways the effect of temperature on the spectra is 
similar to that of increased Na20 as already described in the 
previous section of this chapter. Most of the data measured 
as a function of temperature is in Figure 50a through Figure 
501. The first two figures (Figures 50a and 50b) are for 
Ni^"*" ions. The rest of the figures are for Co^"*" ions except 
Figure 50g which is for ion. Some of the figures are found 
in Appendix E, and they are the absorption spectra of the co­
balt glasses which were annealed or quenched. The quenched 
Figure 49. Spectra of vanadium ions in ISNagO-BSB.O- prepared at three 
different oxygen partial pressures 
t (F) •» 4, (P); CHARGE TRANSFER 
WllVENUMBER (KK) 
Figure 50. Optical absorption spectra of transition metal 
ions in glasses which were measured at several 
different temperatures. Molar absorptivities 
are calculated on the basis of batch calcula­
tions unless specified separately 
(a) Ni^"^(0.5 w/o) in 6Na20-94B.0_ at 0.21 Atm. 
(55) 983°C with the bands (F)(P) and 
(56) 801°C with the bands (F)(P) and 
^A2g(F)"^Tl(P) 
(58) 600°C with the bands ^A2g (F) (F) , 
(p), and 
These spectra are heavily overlapped with the 
tails of the charge transfer bands which are 
shifted into the visible region. 
(b) Ni2+(0.5 w/o) in ISNagO-SSBgO^ at 0.21 Atm. 
(61) 983*C with the bands ^T^(F)^\^(P) 
and \_^(F)^\. (P) 2g ig 
(62) 878°C with the bands (F)(P) 
and (F)->\- (P) 2g ig 
(64) 709°C "With the bands ^T^(F)^^T^(P) 
and 
(65) 631°C with the bands ^A2g (F)(F) , 
^T^(F)-^^T^ (P) and (F)^3T^g(p) 
(66) 550°C with the bands ^A2g(F)^^t^g(F), 
^T^(F)->^T^(P) and (F)+3ti (P) 
(67) 458°C with the bands 
^T^(F)^^T^(P) and ^A2g(F)(P) 
It also shows the tails of the u.v. bands at 
high energy sides-
212 
(b) 
Figure 50 (Continued) 
(c) Co2+(0.2 w/o) in 6Na 0-94B20 at 0.21 Atm. 
2+ 
Ail of the Co bands have three electronic 
transition in this spectral region. They are 
(for the first band), '^T^g(F)-> 
^AggfF) (for the second band), and 
^T^g(F)^^T^g(P) (for the third band) 
(d) (0.2 w/o) in ISNa^O-SSBgO^ at 0.21 Atm. 
(109) 911°C 
(110) 742°C 
(111) 605°C 
(112) 482°C 
(113) 370°C 
(114) 201°C 
Co2+ (
(117) 900°C 
(116) 770°C 
(119) 648°C 
(120) 555°C 
(121) 475°C 
(116) 25°C 
Co^"^ (0.2 w/o) in : 
(125) 774°C 
(124) 859*C 
(126) 626°C 
(127) 565°C 
(128) 501°C 
(123) 25°C 
(e) *  ( . 28Na20-72B202 at 0.21 Atm. 
(f) Co^* (0.2 w/o) in 33 Na O-GTBgO^ at 0.21 Atm. 
(130) 25°C 
(137) 292°C 
(135) 501°C 
(134) 682°C 
(133) 686°C 
(132) 773°C 
(131) 858°C 

Figure 50 (Continued) 
(g) Co^^ (0.2 w/o) in ISNa^O-SSB^Og at 0.21 Atm. 
The molar absorptivities are calculated ac­
cording to the chemical analysis of the speci­
men. This is only the specimen which shows 
big difference between the composition based 
the batch calculation and by chemical analysis. 
Compare with (d) 
(h) Comparison of absorption spectra between 
annealed and quenched specimens 
V^^(1.0 w/o) in 5Na20-95B202 at 0.21 Atm. 
(8 0) Quenched 
(81) Annealed 
(i) Co^*(0.2 w/o) in 28Na20-72B 0 at 0.21 Atm. 
(122) Quenched 
(123) Annealed 
(j) Co^^\0.2 w/o) in SSNa.O-GTB.Og at 0.21 Atm. 
(129) Quenched 
(130) Annealed 
(k) Co^^^O.2 w/o) in 10Na20-90Si02 at 0.21 Atm. 
(138) Quenched 
(139) Annealed 
(1) co^*(0.2 w/o) in 15Na20-85Si02 at 0.21 Atm. 
(140) Quenched 
(141) Annealed 
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glasses show higher intensities than the annealed as ex­
pected from the structural point of view. Some of the heat 
treated samples are also presented in Figure 50h to 501. 
In Figure 36c the positive slope of the half band 
A 4 
width of the third band, *T^g(F)->- T^g(P), is believed due 
to vibronic interaction (97) . The half band widths of the 
third band in Figure 36c and Figure 47 can be compared in 
order to understand the effects of composition and tempera­
ture on the absorption characteristics. 
4 4 The first band, T^(P), which does not possess a 
center of symmetry shows again the increasing half band width 
with increasing the temperature. 
In Figure 50, the figures numbered 50e and 50f are not 
believed as accurate as the other figures because there are 
significant errors in the spectrophotometric measurements. 
The very high intensities, as high as = 108 liter/mole 
cm in absorption were calculated using an expanded scale for 
the middle absorption bands by reducing the intensity of the 
reference side of the spectrophotometer, in order to obtain 
some transmission of I^/I^. In this experimental measurement 
process, the intensity was dramatically reduced and thus 
the incoming energies may not have been enough for the de­
tector. The band shapes in the middle of the blue cobalt 
bands were usually drawn by hand on the basis of the rather 
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poorly drawn expanded bands and the general overall band 
shapes. However, in general, the bands in Figures 20e and 
20f show shifting to longer wave lengths as temperature is 
raised. The shifting is less sensitive to the temperature 
for SSNa^O-SVE^Og (Figure 50f). The intensity increases 
progressively from 28N2O-72B2O2 (Figure 50e), 15Na20-85B20g 
(Figure 50d), to VNa^O-SSBgOg (Figure 50c). 
1. Intensity 
A summary of intensities is given in Figures 51 and 52 
as the plots of f-number vs. temperature and vs. 
temperature, respectively. Since there are considerable 
errors in the glasses of 28Na20-72B202 and 33Na20-67B202, 
the data for the glasses of 7Na20-93B202 and 15Na20-85B202 
are mostly used for the interpretation. The oscillator 
strength of the first band (tetrahedral) is strongly 
temperature-dependent especially at high temperatures. The 
oscillator strength of the third band, which is heavily 
distorted octahedral, is the next most temperature-de­
pendent band. The least temperature-dependent band is the 
second "purer" octahedral band. 
By considering the equilibrium between octahedral and 
tetrahedral Co^^ in sodium borate glasses at high temperatures 
(above the glass transformation temperatures), the free energy 
Figure 51. Temperature dependence of the oscillator 
strengths of spin-allowed bands 
(P) ' circles , ^ (F)-^^A^^ (F) , 
triangles, and ^T^g(F)^"T^g(P); squares. 
Unfilled symbols are based on the chemical 
analyses. Filled symbols are based on the 
batch calculations 
The molar absorptivity was calculated on 
the basis of the chemical analysis. Solid 
lines represent the function coth (6/2T) 
(a) 7Na20-93B202-Co2+ 
(b) ISNa.O- -Co2+ 
(c) ZSNa.O-
.72B2O3. -Co2+ 
(d) SSNa.O-67B2O;. .Co2+ 
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Figure 52. Temperature dependence of the molar absorptivity 
4 4 
of band maxima; 0: T^(P) band. A: 
^T^g(F)^^A2g(F) , and •: (F)(P) 
(a) 5Na O-gSBgOg-Co^* 
(b) ISNa^O-SSB^O^-Co^"^ 
(c) 28Na20-72B202-Co2+ 
(d) 33Na20-67B202-Co2+ 
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change for the reaction Co^^'^l^ss ^  ^^2+,glass^ AH°, was 
calculated from the plots of the fractional tetrahedral and 
octahedral bands against temperature as shown in Figures 
53a and 53b. The computation of the fractions of the tetra­
hedral and octahedral bands in these glasses was simpler 
than the method by Paul (98) but was accurate because the exact 
areas under the component bands were available from the com­
puter analysis. The fractions are the ratio of the tetra­
hedral oscillator strength and the total octahedral oscil­
lator strength. The slope of such a line is expected to be 
a linear from Equation (26) and will be AI^/R. The free 
energy changes involved in the transformation Co^^'^l^ss ^  
in 7Na20-93B202 are -4.114 Kcal/mole (from the line 
based on the batch calculation) and 4.560 Kcal/mole (from 
the line based on the chemically analyzed composition). The 
in 15Na20-85B202 are 0.258 Kcal/mole for the temperature 
range from 921 °K to 1173 °K and 7.622 Kcal/mole for the 
range from 745 °K to 9 21 °K. Both values are calculated 
from the lines based on the chemically analyzed composition. 
From the lines which were drawn according to the values based 
on the initial batch calculations, are found as 1.536 
Kcal/mole for the higher temperature range and 7.820 
Kcal/mole for the low temperature range. It seems that there 
might be also two different slopes in l'^a.^O-9'SB^O^. 
2+ Figure 53. Variation of oscillator strength of Co in 
sodium borate glasses with temperature 
O, ; computed ratio of the oscillator 
strengths according to the batch 
calculation 
• , ; computed ratio of the oscillator 
strengths according to the chemical 
analysis 
(a) 7Na 0-93B Og 
(b) ISNagO-SSBgOg 
(c) 28Na20-72B202 (O and 
33Na O-GTBgO ( • ) 
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The data based on the chemical analysis (in Figure 53a) 
show also a curvature, although the curvature of the line 
by the batch calculation (0) in Figure 53a is not that 
clear. The information about the higher soda concentra­
tions (28 and 33 mole %) is given in Figure 53c. The 
data points in Figure 53c appears to be fairly independent 
of temperature. All the lines are drawn by the least 
square linear regression method. It is apparent that the 
activation energy for the transformation for these glasses 
is lower than that for the lower sodium borate glasses 
as expected from the picture of optical absorption 
spectra. At high temperature with higher Na20 content, the 
relative amount of Co2+ ions in tetrahedral arrangement in 
glass is greater than that for lower soda borate glass and 
consequently the energy of the transformation will be lower. 
As previously described for the intensity variation 
with temperature, the tetrahedral band (the first one among 
the three bands) show an increase in intensity as tempera­
ture is raised. The tetrahedrally coordinated Co^^ ions 
do not possess a center of symmetry and the d and p orbitals 
of the ion can become mixed together to some extent. There­
fore, a transition in d-orbitals involves some amount of 
transfer from a d to p when the ion is part of a compound. 
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The intensity resulting from this transfer will be enhanced 
by thermal vibrations. In the case of the ion in octahedral 
symmetry, the vibrational effect will be greater if the 
ion is already distorted and lies in an off-center position. 
If the vibrational-electronic interaction ("vibronic") 
mechanism is working in this course of molecular vibration, 
light absorption will be enhanced and the intensity will 
be increased by the ion which spends part of its time away 
from its equilibrium position (Figure 17). 
Since the oscillator strengths of the first and third 
bands are sensitive to the temperature change, these two bands 
are assumed to be affected by vibronic mechanism. According 
to Equation (33) and the empirical value of 6 (9 = 200 °K) 
from the value for Co^"*" ion in CoSO^.VH^O ( 9 9 ) ,  two solid 
lines are drawn in Figures 51a and 51b for 7Na20-93B20g and 
15^^20-85520^, respectively. The 9 value for the Co^"'" ion 
in these borate glasses was chosen as 200 °K with an assump­
tion of similar absorption characteristics, in both the 
sulfate and the glass melt. The energy difference between the 
vibrational levels (0) is usually estimated by a trial and 
error method with a mathematical model, i.e., either Equation 
28 or Equation 33 by obtaining the best fitted curve to the 
experimental data points. 
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Because of the crowded data points in Figure 51, es­
pecially in Figure 51a, the difference of f-number between 
the experimental data points and the line based on the vib-
ronic mechanism. Equation (33), is plotted in Figure 54 in order 
to show the fitness of the function to the data points. The 
scattered data in Figure 54b is due to the scattered data 
peints in Figure 51a and 51b. 
Equation (33) was chosen instead of another choice of the 
function. Equation (28), simply because Equation (33) repre­
sents the low temperature data better, i.e., because Equa­
tion (33) is believed to be the closer expression for the 
vibronic process. Equation (28) is found to be good for 
high temperature data but not for lower temperature- value 
(96). The difference in f-number in Figure 54a may be the 
structural and any other factors (including the d-p orbital 
mixing), which are believed to be somewhat relaxed at very 
high temperatures (^<1000*0 for these glass melts) . This 
4 4 is clearly shown in Figure 54a for the band of T^(P). 
4 This kind of curvature is not found for the band of T^(F)+ 
4 T^(P) because of the significant scattering in the data 
(Figure 54b). 
Figure 54. f-number difference between the experimental data 
points and the line based on the function, 
f = fg coth(e/2T) with 6 = 200 °K 
O; batch calculation for 17Na^0-93B202 
®; chemically analyzed composition for 
VNagO-SSBgOg 
®; chemically analyzed composition for 
15Na20-85B203 
4 4 (a) For the tetrahedral band (P) 
(b) For the octahedral band (F) (P) 
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2. Band energy 
The maximum peak positions of the bands are plotted as a 
function of temperature to Figures 55a, 55b, 55c, and 55d, 
for TNa^O-gSB^O^, ISNa^O-SSBgOg, 28Na20-72B202, and 
SSNagO-GVBgOg, respectively. All of the compositions are 
based on the chemical analysis. The shifts to lower 
frequency with increase of temperature as would be expected 
from the energy level diagram and the relationship: Dq vs. 
R ^ for ions where R is the Co^^-0^ bond distance. 
With Equation (40) and the linear thermal expansion 
coefficient of the glasses in the literature (47), the 
ligand point-charge model to these glasses were examined by 
comparing the value of -n in Equation (35) to the calculated 
value. Table 13 reveals the value of -n to be in the range 
from 4.38 to 5.36, which is reasonable agreement with the 
theoretical model of n=5. In making this calculation, the 
slope 3E/3T was measured in the same temperature range as 
given for the linear thermal expansion coefficients. E^^ and 
E^ are the mean values of the energies taken over the tempera­
ture range considered for the first band and for the second 
band, respectively. The third band was excluded in this 
examination because it shows a temperature-independency in 
each composition. 
It is believed that the third curve for 33Na20-
Figure 55. Variation of band energy with temperature for 
the spin-allowed bands of 00^+ in sodium borate 
glasses 
O; ^A2 (F) (P) (the first band) 
4 4 A; T^g(F)^ AggfF) (the second band) 
•; (the third band) 
(a) 7Na20-93B203 
(b) 15Na20-85B202 
(c) 28Na20-72B Og 
(d) 33Na20-67B203 
All of the compositions are based on the 
chemical analysis 
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Table 13. Calculated -n values for the ion in borate glasses 
Composition a X 10^ Slope 1st 2nd ^2 -"1 -"2 
7Na20-93B Og 1.17 0.98 0.98 15,630 17,000 5.36 4.93 
ISNagO-BSBgpg 0.88 0.70 0.70 15,850 17,700 5.02 
0
 
m
 
28Na O-72B2O2 1.44 1.16 1.11 15,840 17,600 5.09 4 .38 
SSWagO-eVBgOg 1.13 0.83 0.83 16,200 17,920 4 .53 4.53 
to 
o 
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GVBgOg is fairly accurate although the information about 
the intensities is very poor. 
Equation (34) for the temperature dependence of the 
V was tested to determine if it would represent the data in 
this work (Figure 55). However, Equation (34) did not fit 
at all to the first two bands, while it does fit to the third 
band. The energy difference between the temperature 0 °K 
and 1200 °K is only 127.34 cm according to Equation 55. 
Therefore the line for the function is almost independent of 
temperature. It is hard to say about the relationship be­
tween the function, Equation (33), and the data points for 
the third band. It is also uncertain why the function is not 
fit to the other two bands. It could be desirable to re­
examine the theory itself on various theoretical grounds. 
Nevertheless, at this moment with the experimental data and 
the absence of any alternatives, it appears worthwhile to 
continue to search for a model which will fit to all the data. 
However, this exploration will be left for others more 
interested in spectroscopic theory. 
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VII, CONCLUSIONS 
A. Preliminary Study of OH in CSZ 
The thermal EMF coefficient of the CSZ was found as 0.8 09 
mv/°K. The transference number of OH ion, t^^- =0.92xl0~^ to 
1.77 X 10 ^ with an assumption of t„+ = 0. 
B. Shape of Absorption Band Spectra 
The deconvolution of the composite band was done with a 
computer according to a log-normal distribution function. 
The log-normal distribution function was in general better 
than the Gaussian distribution function in fitting a minimum 
number of the component bands to the envelope. 
The corresponding spin-allowed transitions were assigned 
on the basis of the Tanabe-Sugano energy diagram and the 
existing data in the literature. It is believed that the 
assigned band energies in these glasses are more accurate than 
those in the literature. 
All of the sub-bands are broad and in general skewed to 
high energies. The skewness of the band is 1.089-1.137. 
C. Effect of Composition 
Intensity increased as the Na20 content increased 
for borate glasses containing manganese ions (3+). The 
increase in intensity is due to an increase in covalency 
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of the metal-oxygen bonds, an increase in the concentration 
ratio of [MnQ''9^&sSjy^^^2+,glasSj^ and a partial increase 
in d-p orbital mixing. Because the bands are not progress­
ively shifted to lower energies, it is not believed to 
be due to the reduction in coordination number. 
The asymmetry of the band due to the presence of 
one or two extraband is believed due to Jahn-Teller 
_ T 
distortion with an energy of -4,000 cm" . 
Sodium borate glasses containing Ni^^ ions are a 
yellowish green at lower soda and brown at higher soda 
contents. The green was attributed to the octahedral 
Ni^"*", while the brown was attributed to the tetrahedral 
Ni2+ ion. Ni^"^ ions preferentially coordinated 
octahedrally in complexes according to its high 
2+ Octahedral Coordination Preference Energy. The Ni 
glasses in the present study showed predominantly 
octahedrally coordinated Ni^"^ ions throughout the Na20 
content range of 5-35 mole %. The increase in e was 
due to the d-p orbital mixing with the increasing Na^O. 
The general statement in the previous literature about 
the predominanat octahedral Ni^"^ at lower Na20 content and 
the predominanat tetrahedral Ni^^ at high Na20 content in 
borate glasses seems to be inaccurate. 
The optical absorptions were not influenced by 
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the Na20 concentration below 20 mole % Na20. In this 
region, the oxygens from Na20 are still bridged and 
contrapolarissd by two borons to form BO4 groups, but 
less strongly than the bridging oxygens in the BO3 groups. 
However, with higher basicity, some of the oxygens from 
Na20 are not bridged and they are assumed to be responsible 
for the increase in the degree of covalent bonding with the 
Ni^^ ions. 
The computer-assisted band analysis reveals three absorp-
2+ -1 —1 tien bands in a Go spectrum; ^ 16,000 cm , '^18,000 cm , 
—1 4 4 
and ~20,000 cm and are assigned as T^ (P) , 
^Tig (F) ^'^A2g (F) , and (F)(P) , respectively. In the 
4 2 2 literature, the third band was assigned as E, T^(G), 
but the intensity is too high for that quartet to doublet 
transition. 
The color of cobalt glass is purple (C.N. = 6) at 
lower Na20 content and blue (C.N. = 4) at high Na20 content. 
The tetrahedral and the distorted octahedral bands were 
more affected by the Na20 content, and consequently the 
intensity due to d-p orbital mixing was significantly 
increased with the increase in basicity. The saturation 
limit of about 20 mole % was also noticed in the 
Co2+ glasses. With increasing Na20 content the number 
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of tetrahedrally coordinated Co^^ ions was increased at 
the expense of the octahedrally coordinated Co^^ ions. 
The octahedral ligand field strength did not appear 
to be a function of NagO content. 
The effectiveness of soda content to the absorption 
spectra was less for the silicate than for the borate glasses, 
because there is less structural change in silicate with in­
creasing Na20 content. 
D. Effect of Oxygen Partial Pressure 
The vanadium ion was easily reduced to lower oxidation 
states under the reducing condition of melting. The 
should be colorless in theory but gives a light greenish 
yellow because the tail of a strong ultra violet band 
lies in the visible region. 
The 0H~ band did not intrude into the visible region in 
manganese glasses and did not cause any color. The manganese 
ion was presented as Mn^"^ and Mn^"*"- The Mn^"^ (3d^) ion gives 
strong absorption in the visible region although the con­
centration of the Mn^+ is dramatically lower than that of 
the Mn^"*" {3d^) . In theory, since there is no spin-allowed 
electronic transition in the 3d^ electrons, it is not 
expected that Mn^^ will be colored, in agreement with these 
experiments. The color of the Mn^"^ was brown; light brown 
for lower soda content and deep brown for higher soda content 
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in borate glass. 
The reduction of absorption with decreasing oxygen 
pressure is believed due to increasing the ratio of 
[MnQ^^9lasSjy^^^3+,glasSj the subscript 0 indicates 
the octahedral manganese ion. The coordination was not 
changed by the oxygen partial pressure. 
E. Effect of Temperature 
The effect of temperature on the absorption characteris­
tics is similar to increasing the soda concentration. However, 
the effect of temperature enhanced the change of the half 
band width when the vibronic interaction mechanism occurred; 
the notable positive slope of the half band width of the 
component band [which was assigned to the transition 
^Tig (F)->^Tig (p) ] was believed due to the vibronic inter­
action. The tetrahedral band also increased in half band 
width with increasing the temperature. 
The maximum band peak positions were shifted to lower 
energies as temperature was raised. The shifting with 
temperature was more profound for the lower soda borate than 
for the higher soda borate glasses. It may be desirable to 
have less concentration of the transition metal ions and 
smaller optical path length for spectrophotometric measurements. 
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especially when it is expected that a certain ion may give 
strong absorption. 
The oscillator strength was found to be temperature-
dependent. The tetrahedral and one of the octahedral bands 
were strongly dependent on temperature. The theoretical 
function of vibronic mechanism, f = fg coth 6/2T, was chosen 
for the Co^"*" ions in the borate system and 8 value was 200°K. 
In general the function gave a good fit at lower temperature, 
as expected from the nature of the function. At high temper­
ature it did not fit the experimental data but did increase 
as temperature increased. The greater gap between the 
experimental data points and the function with increasing 
temperature is believed not to be due to the vibronic 
process, but due to structural and the other distortion 
factors. The activation energy for the reaction 
was found to be ~4.5 Kcal/mole for im3-20-933202' 
Two activation energies are found for 15Na^0-85B202; for the 
high temperature range,AH° = 0.258 Kcal/mole and for the lower 
temperature range (but still above the transformation 
temperature), AH° = 7.622 Kcal/mole. For 28 mole % and 33 
o 
mole % Na_0 content borate glasses, AH did not significantly 
change with temperature. The activation energy change for the 
transformation of seems to be 
composition-dependent. Paul's assumption about composition-
independency may be wrong(98). 
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The theoretical ligand field point charge model (Dq = 
aR was compared with the information obtained in these 
experiments. The exponent, n, of -5 from theory was com­
pared with that from the experimental information and 
gave reasonable agreement, n = 4.38 - 5.36. 
The function " = v + ^ [tanh( 6 )—1] which was 
vmax 0 1.44 2 T 
originally proposed by Holmes and McClure (99) fits the third 
band which is mostly believed to be vibronic in origin, 
but did not fit the first and second bands. It is uncertain 
why the function does not fit the other two bands. It could 
be desirable to re-examine the theory itself on various 
theoretical ground. Nevertheless, at this moment with the 
experimental data and the absence of any alternatives, it 
appears worth while to continue to search for a model which 
will fit all the data. However, such an exploration will be 
left for others more interested in the development of 
spectroscopic theory. 
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X. APPENDIX A: d ELECTRON ARRANGEMENTS IN HIGH SPIN COMPLEXES 
AND OTHER LIGAND FIELD PROPERTIES 
OLFSE: Octahedral Ligand Field Stabilization Energy 
TLFSE: Tetrahedral Ligand Field Stabilization Energy 
AQI Octahedral ligand field strength 
Tetrahedral ligand field strength 
0(SD): Octahedral (Slightly Distorted) 
RO: Regular Octahedral 
RT: 'Regular Tetrahedral 
TgfSp: Tetragonal, Square Planar 
% g LIGAND FIELD STABILIZATION ENERGY g 
Il -
5 5 TLFSE 0 L F S E § 
d ELECTRON ARRANGEMENTS 
£93 
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APPENDIX B: COMPUTER PROGRAMS 
c 
c 
c 
c 
c 
c 
c 
c 
P R O G  C O N V  
T R A N S M I S S I O N  { ' / . )  A G A I N S T  W A V E L  E N  G T  H (  N M  )  T O G E T H E R  W I T H  T H E  C O N C E N T R A T I O N  
O F  T R A N S I T I O N  M E T A L  l O N S . C  ( M O L E / L I T E R )  A N D  T H E  O P T I C A L  P A T H  L E N G T H ,  X ( C M )  
I S  T O  B E  C O N V E R T E D  T O  M O L A R  A B S O R P T I  V  I T Y , E ( L I T E R / M Q L E - C M )  A G A I N S T  
W A V E N U M B E R . V ( K K ) .  I T  A L S O  P R O D U C E S  P U N C H E D  D A T A  C A R D S  I N C L U D I N G  T H E  
N E C E S S A R Y  P A R A M E T E R  C A R D S  A L O N G  W I T H  T H E  L A B E L  C A R D S .  
I C K  J H I N  Y O O N  
L O G I C A L * !  S R E P  
D I M E N S I O N  S P E C ( 4 0 0 , 1 0 ) , S P E C N ( 4 0 0 , 1 0 ) , G L A B 1 ( 5 ) , G L A B 2 ( 5 ) , X L A B ( 5 ) , Y L A  
2 B (  5 )  , Y 2 (  8 0 0 )  , I 0 C R D ( 2 0 , 1 0 )  , X 1  ( 8 0 0  )  « K X ( 1 0 ) , Y 1 < 8 0 0 ) , U ( 5 )  
D I M E N S I O N  D A T A B ( 5 0 )  
D A T A  U / 5 * 0 . /  
R E A D ( 5 » 1 0 0 )  X L A B , Y L A B  
1 0 0  F O R M A T ( 1 0 A 4 )  
1 = 1 
R E A D ( 5 , I 0 1 )  ( I D C R D { N , I  )  , N = 1 , 2 0 )  
1 0 1  F O R M A T ( 2 0 A 4 )  ^  
R E A D ( 5 , 1 0 3 )  S R E P , F A C T O R  i n  
1 0 3  F O R M A T ( L e , 1 P E 7 . 0 )  
1  R E A D ( 5 , 1 0 0 , E N D = 3 3 )  G L A B 1 , G L A B 2  
R E A D ( 5 , 1 0 4 )  S C A L E , C , X , I B  
1 0 4  F O R M A T { F 4 . l , F 1 0 . 6 , F 7 . 3 , I 2 )  
I F ( C , E Q . O . O . O R « X . E O . O . O )  G O  T O  3 3 3  
V A L = 1 . / ( C * X )  
3 3 3  W R I T E ( 6 , 2 0 0 )  G L A B 1 , G L A B 2  
2 0 0  F O R M A T ( ' 0 » , 1 0 A 4 )  
N U M G R = 1  
Y S F = 0  . 0  
K X ( 1 ) = 1  
I N F M T = 1  
D E L T A N = 0 . 2  
D Ë L T A O ^ I O . O  
N U M S 0 L = 1  
T E  S T = 1 5 0 . 0  
W V N 0 = 3 1 0 . 0  
W V N l  = 8 0 0  . 0  
1 = 1 
X M U L T = 1 0 . 0  
W V S = W V N 0  
W V F = W V N 1  
D O  1 1  I = 1 » N U M S 0 L  
I F ( I B  . E G  . 0 )  G O  T O  1 1 1  
I F ( I B . E Q . 2 )  G O  T O  2 2 2  
R E A D ( 5 . 1 0 2 )  ( D A T A B ( K ) , K = 1 , N S P )  ^  
G O  T O  I  c n  
2 2 2  C O N T I N U E  
R E A D ( 5 , 1 0 2 )  ( S P E C ( K , I ) . K = l , N S P >  
1 0 2  F O R M A T d  0 F 8 . 3 )  
D O  4 4 4  L = l t N S P  
4  4 4  S P E C ( L ï  I  )  =  S P E C ( L .  I  ) + D A T A B ( L )  
G O  T O  1 1  
1 1 1  R E A D ( 5 , 1 0 2 )  ( S P E C ( K , I )  , K = 1 , N S P )  
1 1  C O N T I N U E  
W R I T E ( 6 . 2 0 2 ) D E L T A O , W V S . W V F  
2 0 2  F O R M A T C O ' . »  D A T A  C O L L E C T E D  I N ' . F S . l , '  N M .  I N T E R V A L S  F R 0 M « . F 6 . 1 , "  
•  T O »  , F 6 . 1  ,  '  N M .  •  )  
G O  T O  4 0  
C  
C  
C  
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2 7  J J = J J + 1  
A R G S T ( J J ) = X P  
A R S V ( J J ) = X P  
J J = J J  +  1  
A R G S T ( J J ) = Y P  
A R  S V (  J  J ) = Y P  
J J = J  J  +  1  
A R G S T ( J J ) = H W  
A R S V ( J J ) = H W  
J J = J J + 1  
A R G S T ( J J  ) = R H O  
A R S V ( J J ) = R H O  
3 7 7  C O N T I N U E  
R E A D  I N  T H E  P O S I T I O N S  O F  T H E  F I X E D  P A R A M E T E R S  
D O  1 1 2  1 = 1 , N  
1 1 2  J N O ( I ) =  0  
I F { N F P . E G . O )  G O  T O  7 1  
D O  7 0  K L = 1 , N F P  
K L L = J F I X ( K L )  
7 0  J N 0 ( K L L > = 1  
7 1  C O N T I N U E  
CALL FMCG(DERIV.N.ARGST.FtGtESTtEPStLIMIT.lERtH) 
WRITE (6.203) F,1ER 
2 0 3  F O R M A T ( ' 0 ' , ' V A L  =  « , E l  4 . 4 , '  E R R C R  C O D E  =  * , I 3 )  
VAL=F 
W R I T E  ( 6 , 2 0 4 )  ( G ( J ) . J = l , N )  
2 0 4  F O R M A T ( '  ' , 1 0 X , ' F I N A L  G R A D I E N T S  A R E * , 4 E 1 4 . 4 )  
W R I T E  (6,205) F A C T O R  
2 0 5  F O R M A T  ( ' 0 ' . 8 X , '  I N I T I A L  L O G N O R M A L  P A R A M E T E R S • / • 0 •  ,  1 7 X •  X P ( K K ) •  , 3 X .  •  
l Y P  X « , I P E 6 . 0 , 5 X . • H W ( K K ) • , 4 X . * R H 0 ' >  
W R  I T E ( 6 , 2  0 6 ) ( A R S V ( J S ) , J S = 1 , N )  
2 0 6  F O R M A T  ( •  •  ,  1 7  X .  F 6  .  2  .  3  X  ,  F  1  0  . 4  ,  3 X  ,  F  8  .  3 ,  2 X  ,  F 6 .  3  )  
IF(NFP.EO.O) GO TO 16 
I F ( N F P . E O . l )  W R I T E ( 6 , 2 7 8 ) ( J F I X ( K Z ) . K Z = 1 , N F P )  
2 7 8  F O R M A T ( ' 0 * . 8 X . * T H E  I N P U T  P A R A M E T E R  H E L D  F I X E D  W A S * . 1 3 )  
I F ( N F P . G T . l )  W R I T E ( 6 . 2 1 4 )  ( J F I  X ( K Z ) . K Z  =  1  . N F P )  
2 1 4  F O R M A T ( ' 0 ' . 8 X , " T H E  I N P U T  P A R A M E T E R S  H E L D  F I X E D  W E R E » , 2 4 1 3 )  
C  
C  C A L C U L A T E  T H E  V A R I O U S  P A R A M E T E R S  F O R  E A C H  B A N D  
C  
1 6  J J = 0  
D O  5 4  J=1 , N P K S  
J J = J J + 1  
X P = A R G S T ( J J )  
JJ=JJ+1 
Y P = A R G S T ( J J )  
J J = J J + 1  
H W = A R G S T ( J J )  
JJ=JJ+1 
R H C = A R G S T ( J J )  
I F ( R H O . L T . 0 . 0 )  R H O = 0 . 5  
I F ( R H O . N E . l . )  G O  T O  6 5 2  
C  
C  I F  T H E  B A N D  I S  G A U S S I A N  C A L C U L A T E  T H E  B A N D  P A R A M E T E R S  A N D  M E A S U R E S  
C  O F  F I T  
c 
8 1 = 0 . 0  
8 2 = 3 , 0  
S I G = H W / C O N  
X M E A N = X P  
X M C D E = X P  
X M E D = X P  
P Î  = 3 . 1 4 1 5 9 2 7  
A R E A = Y P * H W * ( S O R T ( P I / A L 0 0 ( 2 . )  ) ) / 2 .  
A = - 1 . / X S M A  
B = - A  
C = 0 .  0  
G O  T O  9 9 4  
C  
C  I F  T H E  B A N D  I S  L O G N O R M A L  C A L C U L A T E  T H E  B A N D  P A R A M E T E R S  A N D  
C  M E A S U R E S  O F  F I T  
C  
6 5 2  A L R = A L O G ( R H O )  
C = A L R / C O N  N )  
B = ( H W * R H C » E X P ( C * C >  ) / ( R H O * R H O - l  . 0  )  ^  
A = X P - ( H W * R H 0 ) / ( R H 0 * R H 0 - 1 . 0 )  
W = E X P ( C * C  )  
X M E A N = B * S G R T ( W ) + A  
X M O D E = B / b + A  
X M E D = B + A  
A R  E A  =  Y P * B * C * S O R T ( 6 . 2 8 3 1 / W )  
S I G = H W * R H O * W * S Q R T ( W - 1 * ) / ( R H O - 1 . )  
B I G  =  S I G * S Q R T ( W ) / ( R H O + l . )  
B1=(W-l.)*(W+2.)*<W+2.) 
B 2 = W * W * W * W + 2 . * W * W * W + 3 * * W * W - 3 ,  
9 9 4  C O N T I N U E  
I F ( J . N E . 1 )  G O  T O  9 9 3  
W R I T E ( 6 , 2 0 7 )  
2 0 7  F O R M A T ( / / , 8 X , ' F I N A L  V A L U E S ' )  
W R I T E ( 6 . 2 0 8 )  
2  0 8  F 0 R M A T ( / / . 6 X . • X P ' , 1 1 X , ' Y P ' , 1 0 X , ' H W « , 7 X , ' R H O ' , 7 X , ' A R E A ' )  
9 9 3  W R I T E ( 6 , 2 0 9 )  X P » Y P , H W • R H O • A R E A  
2 0 9  F O K M A T C  •  . F  1  0  . 4  ,  5 X  ,  F 8  . 4  ,  1  X  .  2 F  1  0  .  4  .  2 X  *  F  1  0  .  4  )  
C  
C  C A L C U L A T E  T H E  L O G N O R M A L  S P E C T R A  A N D  C O M P A R E  T O  T H E  E X P E R I M E N T A L  
C  D A T A  
C  
R O S S = ( R H O * R H O " 1 ) / R H O  
D O  5 4  K = 1 , N S P  
D E  M = X K K ( K ) - X P  
B R = D E M * R 0 S S / H W + 1 ,  
I F ( B R . L T . O . O )  G O  T O  5 3 3  
A L B R = A L O G ( B R )  
I F  ( R H O .eO . l  .  )  G O  T O  5 4 4  
E X X = C O N S * A L B R * A L B R / ( A L R * A L R * 2 . )  
G O  T O  5 2  2  
5 4 4  E X X = 2 . 0 * C C N S * D E M * D E M / ( H W * H W )  
C  
C  A V C I D  U N D E R F L O W  K )  
C  ë  
5 2 2  I F ( E X X . G T . 7 0 . )  E X X = 7 0 .  
Y P K ( J , K ) = Y P * E X P ( - 1 . * E X X )  
G O  T O  5 4  
5 3 3  Y P K ( J » K ) = 0 . 0  
5 4  C O N T I N U E  
W T S = 0 . 0  
W T E = 0 . 0  
V A L 2 = 0 . 0  
D O  5 6  K = 1  . N S P  
W T E = W T E  +  V y T { K ) * E Q ( K ) * E Q < K )  
W T  S = W T S  +  W T ( K )  
F I T F ( K ) = 0 . 0  
D O  5 5  J = 1 , N P K S  
5 5  F I T F ( K ) = F I T F ( K ) + Y P K { J , K )  
I F ( E Q ( K ) ) 5 7 , 5 7 , 5 8  
5 8  B R A C K ( K ) = E Q ( K ) - F I T F ( K )  
V A L 2 = V A L 2 + B R A C K ( K ) « B R A C K ( K ) / ( E Q ( K ) * E Q ( K ) )  
G O  T O  5 6  
5 7  B R A C K  ( K )  = 0 . 0  
5 6  C O N T I N U E  
W R I T E  ( 6 . 2 1 0 )  
2 1 0  F O R M A T  (  •  1  •  .  1 0  X »  •  P O I  N T  / K  •  .  6 X .  •  V  A L U E  •  ,  7  X  ,  •  F R E Q U E N C  Y  •  .  5 X  ,  •  L O G N Q R M A L  •  
* . 5 X , « D I F F E R E N C E » )  
W R I T E  ( 6 . 2 1 1 )  ( K . X K K ( K  )  . E Q ( K ) , F I T F ( K ) , B R A C K ( K ) , K = 1 . N S P )  
2 1 1  F O R M A T  ( 1 3 X . 1 3 . 7 X . F 6 . 2 . 3 X . 2 E 1 4 . 5 , 2 X » F 9 . 2 )  
N = N S P  
C  
C  G E T  T H E  V A R I O U S  M E A S U R E S  O F  T H E  G O C D N E S S  O F  F I T  
C  
V A L T = V A L / ( N - 4 * N P K S + N F P )  
S D = S Q R T ( V A L T )  
V A L S Z = V A L / W T S  
V A L H = V A L / W T E  
V A L S = V A L 2 / ( N - 4 * N P K S + N F P )  
W R I T E ( 6 , 2 1 2 )  V A L . V A L T , V A L S Z  
2 1 2  F O R M A T ( • 0 * , l O X , '  V A L = ' , E 1 1 . 4 , 3 X , ' V A L T = ' . E l l . 4 . 3 X » • V A L S Z  =  ' . E l  1 . 4 )  
W R I T E ( 6 . 2 1 3 )  V A L H . V A L S . S D  
2 1 3  F O R M A T  ( 1  O X ,  • V A L H = •  . E 1  1  . 4 , 3 X . • V A L S = •  . E 1 1 . 4 . 3 X ,  • S D = • . E l  1 . 4 )  
C  
C  G R A P H I C A L  O U T P U T  
C  
D O  8 8 8  K = 1 . N S P  
E Q ( K )  =  E C ( K ) * F A C T O R  
F I T F ( K )  =  F I T F ( K ) * F A C T O R  
8 8 8  B R A C K ( K )  =  B R A C K ( K ) * F A C T O R  
X S I Z E = ( X K K { N S P ) - X K K ( 1 ) ) / S C A L E  + 1 . 0  
X M I = A I N T ( W V N 0 )  
Y M = - 5 . * E R R S C  
C A L L  G R A P H ( N S P , X K K , E Q . 4 . - 7 . X S I Z E . 1 0 . . S C A L E . X M I . Y S F . 0 . 0 . X L A B . Y L A B . G  
• L A B I . G L A B 2 )  
C A L L  G R A P H ( N S P » X K K t F I T F # 0 » - 2 » 0 . . 0 . . 0 , , 0 . . 0 . . 0 o » U t U » U » U )  
D O  1 3  J = l t N P K S  
D O  1 4  K = 1 , N S P  
1 4  Y P 2 ( K )  =  Y P K ( J . K ) * F A C T O R  
1 3  C A L L  G R A P H ( N S P . X K K . Y P 2  , 0 , - 2 , 0 . , 0 . , 0 . , 0 « , 0 . , 0 , , U , U , U , U )  
C A L L  G B A P H ( N S P , X K K t B R A C K , 0 . - 2 . X S I Z E , 1 0 . • S C A L E . X M I » E R R S C ,  Y M » X L A B ,  
• A B . G L A B l . G L A B 2 )  
G O  T O  8 6  
8 4  S T O P  
E N D  
S U B R O U T I N E  D E R I V ( N # A R G . V A L t G R A D )  
D I  P E N S I O N  A R G (  2 4  )  . G R A D ( 2 4 )  . B R A C K O O O )  , Y P K ( 6 . 3 0 0 ) .  
I F I T F ( 3 0 0  )  , X K K ( 3 0  0  ) » W T { 3 0 0 ) . E Q ( 3 0  0 ) , J N O ( 2 4 )  
I N T E G E R  P R I N T  
C O M M O N  E Q , X K K , N S P , W T , N P K S , C O N , X 5 M A , J N 0 , P R I N T  
C A L C U L A T E  T H E  F I T T E D  F U N C T I O N  U S I N G  T H E  C U R R E N T  V A L U E S  O F  T H E  
P A R A M E T E R S  
C O N 5 = C O N * C O N  
J  J  = 0  
J B = 0  
D O  5 4  J = 1 , N P K S  
J J = J J  +  1  
X P = A R G ( J J )  
J J = J J + 1  
Y P = A R G (  J  J  )  
J J = J J + 1  
H W = A R G ( J J )  
J J = J J + 1  
R H O = A R G ( J J )  
I F ( P R I N T . E Q . 1 )  G O  T O  2 0 0  
W R I T E ( 6 , 5 1 )  X P . Y P . H W . R H O . J  
5 1  F O R M A T ( •  X P = «  «  E l 4 . 4 , 3 X , ' Y P = ' , E 1 4 . 4 , 3 X , * H W = ' , E 1 4 . 4 . 3 X , • R H 0 = ' , E 1 4 ,  
* 3 X , ' J = * . I 2 )  
c  
c  S U M  I N D I V I D U A L  L O G N O R M A L  B A N D S  T O  O B T A I N  F I T T E D  F U N C T I O N  
C  
2 0 0  R D S S = ( R H C * R H O - l . ) / R H O  
R O S S = R O S S / H W  
I F ( R H O . L T . 0 . 0 )  R H Q = 0 . 5  
A L R = A L O G ( R H O )  
A L R = A L R * A L R  
D O  5 4  K = 1 , N S P  
D E M = X K K (  K  ) - X P  
B R = D E M * R C S S + 1 •  
I F ( B R  . L T  . 0 . 0 )  G O  T O  5 3 3  
A L B R = A L C G < B R )  
I F ( R H O . N E . 1 . )  G O  T O  5 2 2  
E X X = 2 . 0 * C C N S * D E M * D E M / ( H W * H W )  
G O  T O  5 2 3  
5 2 2  E X X = C O N S * A L B R * A L B R / { A L R * 2 . )  
5 2 3  I F ( E X X . G T . 1 7 4 , )  G O  T O  5 3 3  
Y P K ( J , K ) = Y P * E X P ( - 1 . * E X X )  t o  
G O  T O  5 4  w  
5 3 3  Y P K ( J , K ) = 0 . 0  
5 4  C O N T I N U E  
D O  4 5  K = 1 , N S P  
F I T F ( K ) = 0 . 0  
D O  5 5  J = 1 , N P K S  
5 5  F I T F ( K ) = F I T F ( K ) + V P K ( J , K )  
B R A C K ( K } = F I T F ( K ) - E Q ( K )  
C  
C  A V O I D  U N D E R F L O W  
C  
I F ( A B S ( B R A C K ( K ) ) - X S M A )  4 1 , 4 1 , 4 2  
4 1  B R A C K ( K ) = 0 . 0  
4 2  C O N T I N U E  
4 5  C O N T I N U E  
C  C A L C U L A T E  T H E  D E R I V A T I V E S  A N D  T H E  G R A D I E N T  
C  
JJ=0 
J F = 1  
J E = 0  
D O  5 7  J = l , N P K S  
JJ=JJ+1 
XP=ARGIJJ)  
G R A D ( J J ) = 0 . 0  
J J = J J + 1  
Y P  =  A R G ( J  J )  
G R A D ( J J ) = 0 . 0  
J J = J J + 1  
H W = A R G { J J )  
GRAD(JJ)=0.0 
J J = J J + l  
R H Q = A R G ( J J )  
G R A D ( J J ) = 0 . 0  
I F  ( R H O . L T . O .  )  R H O  =  0 . 5  t o  
R O S S = ( R H C * R H O - l . ) / R H O  ^  
R O S S = R O S S / H W  
A L S = A L Q G ( R H O )  
A L R = A L S * A L S  
7  J E - J E  +  1  
D O  5 6 6  K = l f N S P  
D E M = X K K ( K ) - X P  
B R = D E M * R O S S + 1 .  
I F ( B R . L T . 0 . 0 )  G O  T O  5 2  
A L B R = A L G G ( B R )  
G O  T O  5  
5 2  A L B R = 0 . 0  
y P K { J , K ) = 0 . 0  
5  G O  T O  ( 1 , 2 , 3 , 4 ) ,  J E  
1  I F  ( R H O . E Q . 1 . )  G O  T O  1 5 5  
D E R = Y P K ( J , K ) * C 0 N S * A L 8 R * R 0 S S / ( A L R * B R )  
G O  T O  5 6  
1 5 5  D E R = Y P K ( J , K ) * 4 . • C O N S * D E M / ( H W * H W )  
G O  T O  5 6  
2  D E R = Y P K ( J . K ) / Y P  
G O  T O  5 6  
3  I F  ( R H O t E O . l . )  G O  T O  1 5 6  
D E R = Y P K ( J , K ) * C O N S * A L B R * R O S S * D E M / ( H W * A L R * B R )  
G O  T O  5 6  
I  5 6  D E R = Y P K ( J , K ) * 4 . * C 0 N S * D E M * D E M / ( )  
G O  T O  5 6  
4  I F  ( R H O . E Q . l . )  G O  T O  1 5 7  
D E R = Y P K ( J , K ) * <  C O N S / ( A L R ) ) * ( A L B R * A L B R / ( R H O * A L S ) - A L B R * D E M * ( R H O * R H O  + 1  
• • ) / ( B R * R H C * R H O * H W ) )  
G O  T O  5 6  
1 5 7  O E R = 0 . 0  
G O  T O  5 6 6  
5 6  I F ( A B S ( D E R ) . L T . X S M A )  D E R = 0 . 0  
5  6 6  G R  A D (  J F )  = G R A D (  J F ) + ? .  .  0  * W T  (  K  )  * B R  A C K  {  K  )  * D E R  
J F = J F  +  1  
I F ( J E - 4 )  7 , 6 0 . 6 0  
6 0  J E = 0  
5 7  C O N T I N U E  
D O N ' T  V A R Y  T H E  P A R A M E T E R S  T H A T  A R E  T O  B E  H E L D  C O N S T A N T  
D O  6 9  J F = 1 , N  
I F ( J N O (  J F ) . E Q . n  G R A D ( J F )  =  0 . 0  
6 9  C O N T I N U E  
I F ( P R  I N T . E Q . 1 )  G O  T O  2 0 1  
W R I T E ( 6 , 6 3 )  ( G R A D ( J F ) , J F = 1 , N )  
6 3  F O R M A T  < •  G R A D = ' , 4 E 1 4 , 4 )  
C A L C U L A T E  T H E  V A L U E  O F  T H E  S U M  O F  T H E  S Q U A R E S  O F  T H E  D I F F E R E N C E  
B E T W E E N  T H E  C A L C U L A T E D  A N D  E X P E R I M E N T A L  S P E C T R A  
2 0 1  V A L = 0 . 0  
D O  5 9  K = 1 , N S P  
5 9  V A L = V A L + W T ( K ) » B R A C K ( K ) * B R A C K ( K )  
I F ( P R  I N T . E Q . I )  6 0  T O  4 8  
W R I T E ( 6 , 6 1 )  V A L  
6 1  F O R M A T  ( •  V A L = ' , E 1 4 . 4 / )  
4 8  C O N T I N U E  
R E T U R N  
E N D  
N) 
CO 
CTi 
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XII. APPENDIX C: ELECTROCHEMISTRY OR HYDORXYL ION 
The high temperature electrochemical cell based on a CSZ 
as a solid electrolyte with Pt electrodes can be expressed 
as 
+ 
P'o;' ^ 'HJO' ' " « /  CSZ/ /  (P t )  \^o' P"02 
where the partial vapor pressures of two gases were set up 
experimentally as P'^ > P"^ and P'^ ^  < P"g q-
The total current through the external circuit, I^^t 
will be the net current I^^^ produced by the sum of the 
components within the solid electrolyte, oxygen (Iq"), 
hydroxy1 (Ig^,), hydrogen (1^+), and electron (I^,). For 
an open circuit EMF which would appear over the left and 
right electrodes, the total current I^^^ will be zero. 
lext = Inet = =0" + loil' + :H+ + ^e' = ^ <1) 
The current is a function of the ion of electron flux as 
Ij_ = (2) 
where A is the cross sectional area perpendicular to the 
current flow and is the charge in coulombs on each i-type 
particle. The flux of the species i may be expressed in terms 
of electrochemical potential gradient. 
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'"i 
1 
2 
where the flux has units of particles/cm .sec, is the 
partial conductivity of the species, i under consideration in 
-1 —1 
ohm cm , is the valence of the species (Zq"=-2, 
Zjj+=+l, and Z^'=-l), F is the Faraday constant, [F = 
96,500 coulombs per equivalent, which is the product of 
23 Avogadro's number = 6.023 x 10 ) and an electronic 
—IQ 
charge (e = 1.6021 x 10 coulombs, or 23,060 calories/ 
volt-equiv. ] , and Vrijj_ is the gradient of electrochemical 
potential of the species i. 
Equation (1) combined with Equations (2) and (3) yield 
:net = - J F if '"i = ° 
or 
!2_.. '"o" + "oh'^Ioh' - V '"h* + = ° (5) 
2 
The possible cell reactions and their electrochemical re­
lationships are 
^2 (9) + 2e' ^  0"; Hq.. = § pQ + 2^^', (6) 
H20(g) + e' -> OH' + j + 2 ^ 
in^Cg) + e' + H+; Hg* + rijj+ = |
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and, at equilibrium in a gaseous phase, 
H2(g) + 2 H^OCg); ^ (9) 
2 2 2 • 
The gradients of the electrochemical potentials of each 
species may be then written as : 
and 
VfIoh' 2 
Vng+ = V[i '12) 
In the gaseous phase, the gradient of the chemical potential 
of is 
'"Hj" "%O- ¥0^  ^
Substituting Equations (10), (11) and (12) into Equation (2) 
yields 
o 
-J- 2^°0H 
+ <°o"+°OH'+OH++Ce''?"e' = ° <"> 
Replacing ^ with Equation (13), Equation (14) becomes 
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^ (ao"+aoH'+crH+) • (^OH 
+ (*0"+*0H'+*H++*e')?%e' = ° 
Because the transference number of species i, ti, is 
defined as the ratio I^/I^ or the ratio o^/a^ where the total 
conductivity is given by the algebraic sum of cr^,,, q^h '  
ajj+, and Equation (15) may be written in the following 
way, 
By integrating both sides of Equation (16), the electro­
chemical potential difference of e' may become as 
1 
^'^ë' ~ '^e'^ ~ ~ 4 J ^ 
""02 
1 
2j , Q (17) 
"h^O 2 
The electrochemical potential difference of electron 
(n"g, -n^,) is given by the measured terminal voltage, 
according to the following well-known relation (129, 130). 
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( n ; ,  - n ; ,  )  =  z ^ . F E y  ( 1 8 )  
where Z ,= -1. 
e ' 
Equating Equations (17) and (18) and collecting by E^, 
_ 1 f'°2 
4F J ' '•^0 
^0^ ^ 
^ 2F j / ^^OH' tg+jdUg 0 (19) 
Equation (19) is the general form for the two mobile 
charged ions 0" and OH' and it can be simplified by the mean 
value theorem into the following form 
o 
-"O; ' + <%0 -"H^O ' (2°) 
where t?^^ simply is the averaged open circuit transference 
number of the ions, = t^n+t^^,+tjj+ (131) . 
Most of the electrochemical measurements have been 
confined to isothermal conditions. However, nonisothermal 
conditions can be conceived for many situations (111). 
With two different temperatures T' and T" at the two 
electrodes, 
— + 
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the terminal Eî€F , will be expressed by 
E? = [E^COg)+22(02)] + [E^^HgOj+EgCHgO)] + E^ (21) 
or = [^(Uo^ (T")-PÔ (?')] 
+  ( 2 2 )  
+ ic(T"-T'j+a 
"here = 1, = p°^(T) + RT In «h^o"'' = 
Wg q(T) + RT In Pg Q, R is the gas constant (R = 
k = the Boltzmann constant), (T) and u„ are the 
°2 *2° 
standard state chemical potentials of pure oxygen (cal/mole 
oxygen) and pure water (cal/mole water), respectively, and a 
is an intercept on the EMF axis in Figure 34. 
The chemical potentials at standard states as a function 
of temperature are found from a data book (132). 
U° (T) = -2.313 - 7.16 In T - 0.50 x 10~^T^ 0, 
+ 2 x lo'^ ^ - 0.55 T (23) 
for the temperature range 298°K-3,000 °K and 
U° ^(T) = -56,940 + 2.91 T In T - 0.64 x lO'^T^ 
32° . 
- 8 X 10^ ^  - 8.11 T (24) 
for the temperature range 373°K-2,500 °K. 
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The chemical potential difference at two different 
temperatures can be computed and and are as follows 
(133) -
and 
= ^{-7.16(T" In T"-T' In T') 
-0.50 X 10"2(T"2_T'2) 
+ 2 X 10^(|n- - ^ )-0.55(T"-T') 
+ R[T" In P (T")-T' In (T')]} (25) 
^2 2 
[EI(H20)+E2(H20) ] = •^(tQjj'-tjj+) (yg^Q(T")-Ug^Q(T')) 
= •^(tQg'-tg+) {+2.91(T" In T"-T' In t") 
-0.64 X lO"^ 
(T"^-T'^)-8 X 10^ (^ - ^ )-8.11(T"-T') + R 
[T" In Pg^Q(T")-T' In P^ ^ (T')]} (26) 
where is the temperature-dependent term and E2 is the 
pressure-dependent term. The thermal EMF ['"Eq. (41) in 
the text! was calculated with the measured values and 
the calculated values in Eg. (25). 
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XIII. APPENDIX D: SAMPLES 
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Table Dl. Samples 
No. GLAB 1 GIAB 2 (mole/2) X(cm) 
1 5Na 0-95B O -Mn 25°C, 0.21 Atm. 0.080305 (Mn^*) 0.414 
" " 0.003170 (Mn3+) 
2 15Na 0-85B O -Mn " 0.080923 (Mnu^) 0.438 
2 '' 2 3 " 0.003652 (Mn ) 
3 25Na 0-95B 0 -Mn " 0.07763 (Mn^^ 0.373 
" " 0.004086 (Mn 
5 35Na„0-65B„0^-Mn " 0.059969 (Mg^"^) 0.436 
^ ^ ^ u.uj./oy vwR ) 
6 5Na20-95B202-Mn 859°C, 0.21 Atm. 0.068335 (Mn^^) 0.500 
679"C, 0.21 Attn. 0.069754 (Mnu^) 
0.002841 (Mn ) 
451°C, 0.21 Atm. 0.072593 (Mn^*) 
0.0029565 (Mn ' 
327°C, 0-21 Atm. 0.074418 (Mn^^) 
0.00303 (Mn ) 
0.00312 (Mn ) 
10 " 200°C, 0.21 Atm. 0.07665 (Mn^^) 
11 ISNa 0-85B 0 -Mn 858°C, 0.21 Atm. 0.07223 (Mn^*) 
" " 0.00325 (Mn ) 
12 " 679°C, 0.21 Atm. 0.074333 (Mn^^) 
0.003 355 (Mn ) 
13 " 452°C, 0.21 Atm. 0.0770 (Mn^*) 
0.00348 (Mn ) 
14 " 326°C, 0.21 Atm. 0.0786 (Mn^*) 
0.00355 (Mn ) 
15 23Na 0-77B 03-Mn 865°C, 0.21 Atm. 0.0706 (Mn^*) 
" " 0.0037 (Mn ) 
16 " 694°C, 0.21 Atm. 0.07332 (Mn^J 
0.00386 (Mn ) 
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•teble D1 (Continued) 
No. GLAB 1 GLAB 2 (mole/5.) X(cm) 
17 23Na 0-77S 0 -Mn 473°C, 0.21 Atm. 0.07616 (Mn^"^) 0.500 
" " 0.0040 (Mn3+) 
18 35Na 0-65B 0 -Mn 866°C, 0.21 Atm. 0.05225 (Mn^"*") 
" " 0.0318 (Mn3+) 
19 " 694 "C, 0.21 Atm. 0.0547 (Mnu*) 
0.0333 (Mn ) 
20 " 473°C, 0.21 Atm. 0.0577 (Mn^*) 
0.03514 (Mn +) 
21 10Na20-90Si02-Mn (Q), 0.73 Atm. 0.239 
22 " 25°C, 0.73 Atm. 0.08092(Mn_ _ J 0.140 
total 
23 " (Q) , 10"22 0.310 
24 " 25°C, 10~^^ Atm. 0.08434 (Mn^^) 0.268 
0.00374 (Mn ) 
25 15Na20-95Si02-Mn (Q), 0.73 Atm. 0.275 
26 " 25°C, 0.73 Atm. 0.08767(Mn ,) 0.233 
total 
27 " (Q), 10~^^ Atm. 0.0822 (Mn?*) 0.230 
28 " 25°C, lOT^Z Atm. 0.0072 (Mn^"*") 0.228 
29 ZiONagO-SOSiO^-Mn (Q) , 1.00 Atm. 0.487 
31 " (Q), 10~^^ Atm. 0.10027 (Mn^*) 0.436 
32 " 25°C, 10"22 Atm. 0.00174 (Mn^"^ 0.438 
33 35Na_0-65Si0--Mn 25°C, 0.73 Atm. 0.01167 Mn )* 0.293 
2 6 total 
0.11408 (Mn2+) 
34 " 25°C, 10 Atm. 0.00188 (Mn ) 0.289 
35 5Na 0-95B 0 -Mn 25°C, 0.815 Atm. 0.1775 (Mn^*) 0.648 
^ 0.0848 (Mn ) 
36 " (Q), 0.815 Atm. 0.332 
^Estimated concentrations. 
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Table D1 (Continued) 
No. GLAB 1 GLAB 2 (Mole/£) X(c3n) 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
58 
61 
5Na20-95B202-Mn 
ISNa^O-SSB^O^-Mn 
2 5Na ^0-7 5B2O2-Mn 
35l>ia.^ 0-65B^ 0^ -Mn 
6T:îa.^ O-94B^ O^ -m 
ISNa^O-SSB^O^-Ni 
25Na20-75B202-Ni 
35Na20-65B202-Ni 
6Na20-94B202-Ni 
(Q), 10 ^  Atm. 
25°C, 10~^ Atm. 
(Q), 0.815 Atm. 
25°C, 0.815 Atm. 
(Q), 10 Atm. 
25»C, lo'^l Atm. 
(Q), 0.815 Atm. 
25°C, 0.815 Atm. 
(Q), 10 Atm. 
25°C, 10 Atm. 
(Q), 1.226 Atm. 
25®C, 1.226 Atm. 
-20 (Q) , 10 Atm. 
-20 25°C, 10 Atm. 
25°C, 0.21 Atm. 
ISNa^O-SSB^O^-Ni 
983°C, .0.21 Atm. 
983°C, 0.21 Atm. 
801°C, 0.21 Atm. 
n^eOCC, 0.21 Atm. 
983°C, 0.21 Atm. 
0.17705 (Mn^"^) 
0.0848 (Mn3+) 
0.1833 (Mn^"*") 
0.01695 (Mn3+) 
0.169 (Mn^"^) 
0.188 (Mn^^) 
0-031 (Mn ) 
0.19813 (Mn^^) 
0.20816 (Mn^^) 
0.013 (Mn3+) 
0.2207 
0.157 (Ni^*) 
0.177 (Ni^* 
0.191 (Ni^* 
0.200 (Ni^* 
0.134 (Ni^^ 
0.136 (Ni^^ 
0.142 (Ni^* 
0.154 (Ni 2+ 
0-546 
0.363 
0.417 
0.415 
0.382 
0.459 
0.281 
0.493 
0.410 
0-321 
0.403 
0.349 
0.374 
0.532 
0.578 
0.477 
0.371 
0.500 
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Table D1 (Continued) 
No. GLAB 1 GLAB 2 (Mole/2) X(cm) 
52 ISNa^O-SSB^O^-Ni 878=C, 0.21 Atm. 0.155 (Ni2+) 0.500 
63 " 801°C, 0.21 Atm. 0.158 (Ni^^) 
64 " 709°C, 0.21 Atm. 0.160 (Ni^"^) 0.500 
65 " 631°C, 0.21 Atm. 0.163 (Ni^"^) 
66 " ^650°C, 0.21 Atm. 0.165 (Ni^"^) 
67 "  4S8*C,  0.21 Atm. 0.268 (Ni^"^) 
68 25Na20-75B202-Ni 952°C, 0.21 Atm. 0.212 (Ni^"*") 
69 " 845°C, 0.21 Atm. 0.217 (Ni^"^) 
70 " 753"C, 0.21 Atm. 0.222 (Ni^"^) 
71 " 610°C, 0.21 Atm. 0.229 (Ni^"^) 
72 " 426°C, 0.21 Atm. 0.234 (Ni^"*") 
73 35Na20-65B202-Ni 952°C, 0.21 Atm. 0.213 (Ni^"^) 
75 " 753 °C, 0.21 Atm. 0.225 (Ni^"*") 
76 " 610°C, 0.21 Atm. 0.233 (Ni^"^) 
77 " 428°C, 0.21 Atm. 0.241 (Ni^"^) 
80 5Na20-95B202-V (Q), 0.21 Atm. 0.348 (V^^)* 0.427 
81 " 25°C, 0.21 Atm. 0.381 0.422 
82 " (Q), 10~^^ Atm. 0.100 
83 " 25°C, ICT^I Atm. 0.0193 (V^"*") 0.100 
0.1467 (V^^) 
0.0811 (V^^) 
5+ * 
84 15Na20-85B202-V (Q), 0.21 Atm. 0.390 (V ) 0.453 
85 25°C, 0.21 Atm. 0.417- (V^^)* 0.454 
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Tabid D1 (Continued) 
No. GLAB 1 GLAB 2 (Mole/£) X(cm) 
86 ISNa^O-SSB^O^-V 25°C, 0.21 Atm. 0.410 (V^"*") 0.522 
87 " 25"C, 10~^ Atm. 0.41 (V^"*") * 0.463 
88 " 25°C, 10"21 Atm. 0.1157 (V**) 0.458 
0.272 (V^*) 
89 24Na20-76B202-V (Q) , 0.21 Atm. 0.432 (V^"^) * 0.439 
90 24Na20-76B202-V 25°C, 0.21 Atm. 0.444 (V^"*") 0.436 
91 " 25°C, lO"^^ Atm. 0.194 (V^*) 0.444 
" " 0.237 (V^*) " 
92 32Na20-68B202-V (Q), 0.21 Atm. 0.451 (V^*) 0.398 
93 " 25°C, 0.21 Atm. 0.470 (V^*) 0.395 
94 " " " 0.536 
95 lNa20-99B202-V 875°C, 0.21 Atm. 0.3643 (V^*) 0.500 
97 " 865"C, 10~^^ Atm. 0.3643 
98 " 867°C, lO'^l Atm. 0.3643 ) ' " 
99 SNagO-gSBgOg-V 867°C, 10~^^ Atm. 0.3737 (V^otal) 
102 25Na20-75B202-V 403°C, 0.70 Atm. 0.393 (V^"^) 
103 35Na20+65B202-V 928°C, 10~^^ Atm. 0.4559 
104 " 922°C, 0.70 Atm. 0.365 (V^*) 
105 2Na20-98B202-Co (Q) , 0.21 Atm. 0.0573 (Co^^') 0.485 
106 2Na20-98B202-Co 25°C, 0.21 Atm. 0.0645 (Co^"*") 0.472 
2+ 
107 5Na20-95B20^-Co (Q), 0.21 Atm. 0.0607*(Co ) 0.397 
108 " • 25°C, 0.21 Atm. 0.065 (Co^'*') 0.310 
109 " 911 °C, 0.21 Attn. 0.0571 (Co^"^) 0.500 
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Table D1 (Continued) 
No. GLAB 1 GLAB 2 (JMole/S.) X[cm) 
110 SNa^O-SSB^O^-Co 742°C, 0.21 Atm. 
111 
112 
113 
114 
116 
117 
118 
119 
120 
121 
123 
124 
125 
126 
127 
128 
130 
131 
605°C, 0.21 Atm. 
482°C, 0.21 Atm. 
370*0, 0.21 Atm. 
201°C, 0.21 Atm. 
115 ISNa^O-^SBgOg-Co (Q), 0.21 Atm. 
25°C, 0.21 Atm. 
900°C, 0.21 Atm. 
770°C, 0.21 Atm. 
648°C, 0.21 Atm. 
555°C, 0.21 Atm. 
475°C, 0.21 Atm. 
122 28Na20-72B202-Co (Q), 0.21 Atm. 
25°C, 0.21 Atm. 
859°C, 0.21 Atm. 
774°C, 0.21 Atm. 
626°C, 0.21 Atm. 
565°C, 0.21 Atm. 
501°C, 0.21 Atm. 
129 33Na20-67B20^-Co (Q), 0.21 Atm. 
25°C, 0.21 Atm. 
858°C, 0.21 Atm. 
0.0588 (Co^*) 
0.0604 (Co^*) 
0.062 (Co ) 
0.0636 (Co^*) 
0.0654 (Co^"*") 
2+ * 
0.0691 (Co ) 
0.0744 (Co^*) 
0.0917 (Co^"*") 
0.0938 (Co^*) 
0.0958 (Co^*) 
0.0968 (Co^"^) 
0.1109 (Co^*) 
0.691 (Co^*) 
0.0719 (Co^*) 
0.0642 (Co^*) 
0.0655 (Cof*] 
0.0676 (Co^*) 
0.0686 (Co^^) 
0.0691 (Ccf*) 
0.0773 (Co^"*")* 
0.0810 (Co^"*") 
0.0795 (Co^*) 
0.500 
0.475 
0.366 
0.500 
0.455 
0.342 
0.500 
0.475 
0.296 
0.500 
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Table Dl (Continued) 
No. GLAB 1 GLAB 2 (Mole/2) X(cni) 
132 33Na^O-67BgO -Co 
133 
134 
135 
136 
137 
138 10Na^0-90SiO^-Co 
139 
140 15Na20-85Si02-Co 
141 
142 IS^a^O-llSiO^-Co 
143 
144 32Na20-68Si02-Co 
145 
773°C, 0.21 Atm. 
686°C, 0.21 Atm. 
628*C, 0.21 Atm. 
501°C, 0.21 Atm. 
417°C, 0.21 Atm. 
292»C, 0.21 Atm. 
(Q) , 0.21 Atm. 
25°C, 0.21 Atm. 
(Q), 0.21 Atm. 
25°C, 0.21 Atm. 
(Q), 0.21 Atm. 
25°C, 0.21 Atm. 
(Q), 0.21 Atm. 
25°C, 0.21 Atm. 
0.0813 (Co^"^) 
0.0832 (Co^"^) 
0.0842 (Co^"^) 
0.0863 (Co^"^) 
0.0874 (Co^*) 
0.0878 (Co^"^) 
0.0505 
0.0808 (Co^"*") 
2+ * 
0.0941 (Co ) 
0.0786 (Co'"*") 
0.0803 (Co 2) 
0.0843 (Co^"*") 
0.0827 (Co^"*") 
0.0871 (CO^*) 
0.500 
0.330 
0.310 
0.457 
0.454 
0.400 
0.343 
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XIV. APPENDIX E: ABSORPTION SPECTRA OF TRANSITION 
METAL IONS IN GLASSES 
Figure El. Manganese ions in silicate and borate glasses 
(a) (22) lOSMO-A Silicate glasses 
(24) lOSMR-A 
(23) lOSMR-Q 
(21) lOSMO-A 
(b) (26) 16SM0-A 
(25) 15SM0-Q 
(28) 15SMR-A 
(27) 15SMR-Q 
(cl (29) 20SMO-Q 
(32) 20SMR-A 
(31) 20SMR-Q 
(d) (33) 35SMO-A 
(34) 35SMR-A 
(e) (36) 5BM0-Q Borate glasses 
(35) 5BM0-A 
(38) 5BMR-A 
(37) 5BMR-A 
(f) (39) 15BM0-Q 
(40) 15BM0-A 
(41) 15BMR-Q 
(42) 15BMR-A 
(g) (84) 15BVAIR-•Q Vanadium ions in borate glasses 
(85) 15BVAIR-•A 
(h) (89) 24BVAIR-•Q 
(90) 24BVAIR-•A 

Figure El (Continued) 
(i) (92) 34BVAIR-Q 
(93) 34BVAIR-A 
(j) (105) 
(106) 
(k) (107) 
(108) 
(1) (115) 
(116) 
(m) (14 2) 
(143) 
(n) (144) 
(145) 
2BCAIR-Q 
25CAIR-A 
5BCAIR-Q 
5BCAIR-A 
15BCAIR-Q 
15BCAIR-A 
23SCAIR-Q 
23SCAIR-A 
32SCAIR-Q 
32SCAIR-A 
306 
(i) 
( k )  
(m) (n) 
